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ABSTRACT

The reaction of triarylantimony diacetates wittlraédtlkoxo)diborons in the presence of P4EPhH),

(2 mol%) catalyst resulted in the Miyaura-type Blation to form arylboronates in moderate to
good yields under base-free conditions. In the goreseaction, two of the three aryl groups of
antimony reagent were transferred to the couplmglpcts when the reaction was carried out under
aerobic conditions, although only one of the theeg group of the antimony reagent was involved
under an argon atmosphere. The broad scope oé#tution was demonstrated by using a variety of
triarylantimony diacetates with sterically hinderedryl groups and highly reactive

p-bromo-functionalized aryl derivatives.
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1. Introduction

Arylboronic acids and their esters are useful ratgen organic synthesis, particularly in
Suzuki-Miyaura cross-coupling reaction, which isllggium-catalyzed carbon—carbon bond
formation with organic halides [1-5]. Several prdgees for the synthesis of arylboron derivatives
have been reportedAmong these, Pd-catalyzed cross-coupling reactodrtetra(alkoxo)diborons
(i.e., Miyaura B-arylation) [6-20] and dialkoxybomes (i.e., Masuda B-arylation) [21-29] with aryl
halides, triflates, mesylates, tosylates and salbies have proved to be a powerful method for
boron(B) —carbon(C) bond formation. However, insénd3-arylation reactions, air sensitive boron
reagents [HB(OR] and a Pd-phosphine catalyst are employed alotiy stoichiometric or excess
amount of bases. Strongin [30] and Andrus [31] haaently reported that aryldiazonium salts are
useful arylating reagents for Pd-catalyzed B—C bfumchation with tetra(alkoxo)diborons without
any base, although an inert atmosphere is alsaregbio carry out the reaction.

On the other hand, transition metal-catalyzed ecosgling reaction by using organoantimony
compounds as a pseudo-halide or a transmetallagent has recently been the focus of attention. It
has been reported that triarylantimony dicarboxedabsSb(OAc) are suitable arylating agents in
Pd-catalyzed carbon—carbon(Ar) bond formation swsh Heck- [32-34],Stille- [35], and
Hiyama-type [36] reactions. In the past decadehawe also found that ABb(OAc) are efficient
aryl donors in a base-free Suzuki-type cross-cagplreaction with arylboronic acids and
triarylbismuthanes [37, 38]. Moreover, the reactadmr;Sb(OAc) with terminal alkynes could be
conducted without any copper co-catalyst and beaset led to the Sonogashira-type reaction to form
diarylacetylene derivatives [39]. However, tramsiti metal-catalyzed carbon—heteroatom bond
formation by using organoantimony compounds asgséalides has only been reported to date for
Cu-mediated O- [40, 41] and N-arylation [41, 42¢rkin, we present a novel base-free Pd-catalyzed
B-arylation of pentavalent organoantimony compouddsSb(OAc) with tetra(alkoxo)diborons
[(RO):B].. The reaction is simple and easily operated withspecial care in air and moisture.
Furthermore, two of the three aryl groups onSk(OAc) could be transferred to the coupling

product ArB(OR), when the reaction was carried out under aeraimditions.
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2. Resultsand discussion

We have recently studied the reaction ogSW(OAc) with terminal alkynes in the presence of
PdCL(PPh), under aerobic conditions in 1,4-dioxane to forrargdacetylenes, in which two of the
three aryl groups on the antimony reagent are uegbin the formation of the coupling products [39].
To search for suitable antimony reagents for thecigated B-arylation, we first examined the
reaction oflla with antimony(V) reagents (BBbX;) having a variety of functional groups X. It
was difficult to detect the disappearance of3X; and boron reagent by thin-layer chromatography
(TLC) as well as gas chromatography (GC) methodierdfore, the progress of the reaction was
followed by monitoring the concentration of the secoupling 12) and homo-coupling product3)
products using GC-MS analysis with octadecane amtannal standard. The results are listed in
Table 1. The reaction times were determined atmbhgimum yield of the productd?) and (3).
The reaction of a variety of antimony compountiszf with bis(neopentylglycolate)diborodl@a) (3

eq) was performed in the presence of B@ERhK), catalyst (5 mol%) without any base under air
atmosphere in 1,4-dioxane at 60 °C (entries 1l-idph&€nylantimony dicarboxylatedq4 and2) and
dichloride @) afforded the expected 5,5-dimethyl-2-phenyl-1-@@xaborinane 12) in good vyields.

It should be emphasized that in the present B-twylatwo of the three aryl groups were transferred
from the antimony reagents to the coupling prodi2}, although one of the three aryl groups on the
reagentsvas involved if the reaction was carried out uraleargon atmosphere (see below). Among
these, triphenylantimony diacetafia)( was superior to the other antimony reage®ts)(in terms of
the reaction time and the yield 2. In the reactions with bismuth reagerfislQ), homo-coupling
reaction of phenyl groups of the bismuth reagemi& precedence over the expected cross-coupling
reaction (entries 8-10). These results show thatntture of the central metal atom influences the
outcome in the B-arylation. Compouri®? was obtained in satisfactory yields in all solgent
examined in this work (entries 11-18). Dimethoxyeth (DME) was the best solvent for this
reaction in terms of the yield of the cross-couplproduct {2) (99%) and reaction time (3 h). As
can be seen, decreaseing the catalyst loading 3raml% to 1 mol% did not affect the results, and

the coupling produci2 was formed in 98% vyield albeit after a longer tearctime (entry 12). We
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have also examined the same reaction using a yasfePd-catalysts, such as PdCPd(OAc)
Pd(OAcY-dppf, Pd(PP¥)4, and Pd(dba)dppf. However, these catalysts did not providedeesults.
The addition of a base such as KOAc was ineffedtiviae present reaction and the yieldl@fwas
considerably decreased (42%). Consequently, the resslts were obtained for the reaction of
antimony reagentla with the tetra(alkoxo)diboron compountla (3 eq) in the presence of

PdCL(PPh), (1 mol%) catalyst under aerobic conditions in DEIEO °C (entry 12).

Table 1

In general, the electronic nature and steric bilthe aryl halides and sulfonates have an impact on
the Pd-catalyzed Miyaura B-arylation and Masudaar@ation. For example, in the
Miyaura-B-arylation, aryl donors with electron-ddng group, such ag-NMe, andp-OMe, reduce
the rate of the coupling reaction [6, 9, 10]. Mareo the syntheses of 2-pyridyl, 2-thienyl, and
2-fulylboroates according to this protocol were wstessful, because such carbon-boron bond
adjacent to a heteroatom is highly prone to prdtodenation in the presence of added bases [6]. On
the other hand, Masuda B-arylation exhibits theosgp electronic effect: the aryl donors with
electron-donating group enhance the rate of theyBi#gon reaction [21-24]. Overcoming the
drawbacks related to the electronic nature andcstemands of the aryl donors still remains a
challenge in the transition metal-catalyzed B-drgta of boron compounds with appropriate aryl
donors. Synthesis of the sterically hindered anghates by Masuda B-arylation was accomplished
by using a PdG(CHsCN),-monophosphorous ligand catalytic system [26]. Magently, efficient
Miyaura B-arylation has also been achieved withicafly hindered aryl bromides and chlorides by
using biaryl monophosphane having anthracenyl moietlica-supported phosphane and
indolylphosphane as ligand for palladium. [17, 2@).

To study the scope and limitations of B-arylationder the optimal reaction conditions, we
performed the reactions of alternative boron retmyeatiborons I1b, ¢) and dialkoxyboranelld),

with various triarylantimony diacetates 1afi) substituted with electron-donating and



electron-withdrawing aryl groups as well as witargtally hindered aryl groups (Table 1, entry 12).
The reaction time was fixed at 12 h, and the resaile summarized in Table 2. The reactiorlaf
with diborons {1b, ¢) afforded the corresponding coupling produbdsand 15 in 72% and 83%
yields, respectively (entries 1, 2). However, teaation ofla with dialkoxyborane11d) resulted in
the reduction ofla to give triphenylstibane in 74% yield (entry 3)dadid not form the coupling
products {2 and/or13). These results indicate that the tetra(alkoxa@uihs are useful coupling
partners ofla for the preparation of arylboronate compounds.iova triarylantimony diacetates
(1b-i) were reacted witlila under the same reaction conditions. All triarytditates 1b-i) with
electron-donating and electron-withdrawing grouptached to the aromatic ring afforded the
corresponding cross-coupling products (entries ¥41has been reported that the electron-rich aryl
bromides (e.g., 4-bromoanisole) are less reactien telectron-poor aryl bromides (e.g.,
4-bromoacetophenone), in the Miyaura B-arylation Therefore, we have examined a competitive
reaction using a mixture of electron-ricib [(4-MeOGH4)3Sb(OAc)], electron-poor 1h
[(4-CFCgH4)3Sb(OACY], and1la 1 :1:2 (1: 1: 4)]. The reaction gave the iglated products
16 and 22 in 41% (73%) and 53% (79%) yields, respectivelge3e results indicate that, in the
present reaction, the electron-pdbris merely reactive compared to the electronic-tich

Generally, B-arylation of sterically hindered abybmides or sulfonates with bis(pinacolato)diboron
was difficult as noted above. In the present Batigh with antimony reagent, tris(2-methylphenyl)
and trimesityl antimony compound$d(and 1€) successfully produced the corresponding coupling
products {8) and (9) in moderate yields after 12 h (entries 6, 7) sTrocedure was also applicable
to the synthesis of 4-bromophenylneopentylglycoladeonate 20) with a highly reactive bromine
moiety; treatment otla with tris(4-bromophenyl)antimony diacetatd)(gave the boronat€@) in
60% vyield with the bromine moiety dif remaining intact (entry 8). This result shows thz
antimony—carbon(Ar) bond ofif is more reactive than the bromine—carbon(Ar) bamdthis

B-arylation reaction.



Table 2

As noted above, two of the three aryl groups gohegnylantimony diacetatdd) transferred to the
coupling products, when the B-arylation reactiors warried out under aerobic conditions. However,
one aryl group ofla participated in the reaction under an argon atmesp To understand the
mechanisms of the B-arylation in detail, we studieel influence of the reaction atmosphere on the
yield of the coupling products. The reaction waggened usindla, 11a (3 eq), and Pd@IPPh), (5
mol%) in DME at 60 °C. The reaction ga¥2 in 99% yield after 5 h under an argon atmosphere.
The 100% yield corresponds to the involvement & phenyl group ofa. Introduction of air to the
reaction mixture facilitated further reaction, atite yield of 12 reached to 182% yield after
additional 10 h (Fig. 1). Similar results were ab¢al when the reaction was carried out under pure
oxygen atmosphere. These results show that onlyobniwe three phenyl groups da could
contribute to the reaction under an inert atmosphehereas two of them could participate in the
formation of 12 in the presence of oxygen. However, in the pregeatylation, the third phenyl
group ofla could not be coupled with the boron atom everr affgrolonged reaction time of 48 h.
Taking these results into consideration, we propgdbat the mechanism of the present B-arylation
reaction is similar to the mechanism of Sonogadiype reaction between terminal alkynes dand
reported in our previous paper [39]. As was rembltg Gushchin and co-workers [32-34], the initial
step would be oxidative addition 4 to the Pd(0) specief\] to form Pd-Sb complexB) and
followed by the transformation d@ to ArPdOAcL, complex C) accompanied by elimination of
Ar,SbOAc D). The complex@) is a key intermediate in Miyaura B-arylation [9yansmetallation
betweenC and tetra(alkoxo)diboronl]) gives rise to the ArPdB(OR). intermediate E) that
undergoes reductive elimination to give the couplomoduct ArB(OR) and regenerates the Pd(0)
speciesA (Fig. 2). Recently, the generation of palladiumoper complexes from Pd(0) species and
molecular oxygen and its application to a variefyPal-catalyzed oxidative reactions has been

reported [43, 44]nvolvement of the second aryl group in the pregeattion can be explained by



the generation of Pd-peroxo complé® from A and molecular oxygen. The complExformed in
this way oxidize®D to pentavalent ASb(O)OAc (), which would generates ArPdOAgctomplex
(C) via the intermediateH). Finally, C gives the product ArB(OR) which is similar to the first

catalytic cycle (Fig. 3).

Fig.1,2,and 3

3. Conclusion

In conclusion, we found that triarylantimony disates can be used as new effective B-arylating
agents under simple and mild reaction conditiond amthout special requirement related to
exogenous oxygen and moisture. It was shown thetyl@antimony diacetates in the presence of
transition metal-catalyst play as a versatile peeuaides not only in carbon—carbon(Ar) bond
formation such as Suzuki- and Sonogashira-typeseroapling but also in carbon-heteroatom
(boron) bond formation. Further applications of tharylantimony dicarboxylates and analogous
pentavalent organoantimony compounds to other @ogpling reactions such as Hirao-type

P-arylation are currently under investigation, #mekse will be reported in the near future.



4. Experimental

4.1. General

Melting points were taken on a Yanagimoto microtmgl point hot-stage apparatus (MP-S3) and
are not correctedH-NMR (TMS: 6: 0.00 as an internal standard) af@-NMR (CDCk: J: 77.00 as
an internal standard) spectra were recorded onGLJIJB®M-ECA400 (400 MHz and 100 MHz)
spectrometers in CDgIMass spectra (MS) were obtained on a JEOL JMPabXastrument (70
eV, 300 uA). All chromatographic separations were accomplishwith Silica Gel 60N (Kanto
Chemical Co., Inc.). Thin-layer chromatography (JL®@as performed with Macherey-Nagel
Pre-coated TLC plates Sil G25 Wy Triphenylantimony diacetatdd) was purchased from TCI
Fine Chemicals, Japan, and other triarylantimomacetiates such db-e [33], 1g [38], 1h [38], 1i

[45] were prepared according to the reported procesd

4.2. Synthesis of tris(4-bromophenyl)antimony diacetate (1f)

A mixture of tris(4-bromophenyl)stibane (3.2 g, 5inol) and (diacetoxyiodo)benzene (1.92 g, 6
mmol, 1.1 eq) in dichloromethane (25 mL) was stifi@r 24 h at room temperature. The solvent was
concentrated under reduced pressure to small volbi®eane (30 mL) was added and the solution
was stirred in an ice bath. The solid was filteradd recrystallized from a mixture of
benzene-dichloromethane (3 : 1) to gifeas colorless prisms (2.29 g, 60%). mp 131 °C (decpm
'H-NMR (CDCL) 6: 1.83 (6H, s, 2 x OAc), 7.61 (6H, d= 8.5 Hz, Ar-H), 7.80 (6H, d] = 8.5 Hz,
Ar-H). *C-NMR (CDCE) d: 21.6 (q), 126.2 (s), 132.3 (d), 135.2 (d), 1383 176.9 (s). IR (KBr)
cm™: 1628 (C=0). LS-MS1n/z 648 (M-OAC). Anal Calcd for GoH1gBrsO,Sh: C37.33; H, 2.56;
Found: C37.24, H2.71.

4.3. Reaction of triarylantimony diacetates with tetra(alkoxo)diborons
A solution of triarylantimony diacetatel:(0.5 mmol), tetra(alkoxo)diboronll: 1.5 mmol), and
dichlorobis(triphenylphosphine)palladium (1) (0®@mol) in DME (5 mL) was stirred at 60 °C for

12 h under air atmosphere. After dilution with £&Hy (30 mL) and water (20 mL), the reaction
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mixture was separated and the aqueous layer wescted with CHCI, (30 mL x 2). The combined
organic layer was washed with brine, dried overydnbus MgSQ and concentrated under reduced
pressure. The residue was purified by column chtognaph on silica gel to give arylboronatég,(
14-23). The products were confirmed by comparison of N¥HRa and MS spectra with that in the

literature.

5,5-Dimethy-2-phenyl-1,3,2-dioxaborinane (12) [46]: Colorless plates. mp 62-64.5 °C (from MeOH).
'H NMR (CDCk) 6: 1.04 (6H, s, Me), 3.78 (4H, s, GH7.27-7.44 (3H, m, Ar-H), 7.81 (2H, d,=
6.9 Hz, Ar-H). LR-MS m/z: 204 (M.

4.4,5 5-Tetramethyl-2-phenyl-1,3,2-dioxaborolane (14) [47]: Colorless oil*H NMR (CDCk) 6: 1.35
(12H, s, Me), 7.36 (2H, ] = 7.3 Hz, Ar-H), 7.46 (1H, t] = 7.3 Hz, Ar-H), 7.81 (2H, d] = 7.3 Hz,
Ar-H). LR-MS m/z: 204 (M.

4.4,6-Trimethyl-2-phenyl-1,3,2-dioxaborinane (15) [20]: Colorless oil.'"H NMR (CDCk) ¢: 1.34
(3H, d,J = 6.4 Hz, Me), 1.36 (3H, s, Me), 1.37 (3H, s, MR8 (1H, tJ = 13.0 Hz, CH), 1.86 (1H,
dd,J = 13.0 Hz, 3.0 Hz, C}), 4.33 (1H, m, CH), 7.30-7.41 (3H, m, Ar-H), 7.@H, d,J = 6.9 Hz,
Ar-H). LR-MS m/z: 205 (M).

5,5-Dimethy-2-(4-methoxyphenyl)-1,3,2-dioxaborinane (16) [46]: Colorless prisms. mp 54-56 °C
(from MeOH).'H NMR (CDCk) §: 1.01 (6H, s, Me), 3.75 (4H, s, GH3.82 (3H, s, OMe), 6.88 (2H,
d,J=8.7 Hz, Ar-H), 7.74 (2H, d] = 8.7 Hz, Ar-H). LR-MS m/z: 220 ().

5,5-Dimethy-2-(4-methyl phenyl)-1,3,2-dioxaborinane (17) [46]: Colorless prisms. mp 93-95 °C
(from MeOH).'H NMR (CDCk) &: 1.02 (6H, s, Me), 2.36 (3H, s, Me), 3.76 (4HC$,), 7.17 (2H,

d,J = 7.8 Hz, Ar-H), 7.69 (2H, d] = 7.8 Hz, Ar-H). LR-MS m/z: 204 (K).
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5,5-Dimethy-2-(2-methyl phenyl)-1,3,2-dioxaborinane (18) [46]: Colorless oil.'H NMR (CDCk) &:
1.03 (6H, s, Me), 2.51 (3H, s, Me), 3.77 (4H, s xH.13 (1H, dJ = 7.3 Hz, Ar-H), 7.14 (1H, ] =
7.3 Hz, Ar-H), 7.27 (1H, t) = 7.3 Hz, Ar-H), 7.72 (1H, dl = 7.3 Hz, Ar-H). LR-MS m/z: 204 (}).

5,5-Dimethy-2-(2,4,6-trimethyl phenyl)-1,3,2-dioxaborinane (19) [48]: Colorless oil. *H NMR
(CDCls) ¢: 1.08 (6H, s, Me), 2.23 (3H, s, Me), 2.35 (6HM), 3.77 (4H, s, Ch, 6.77 (2H, s,
Ar-H). LR-MS m/z: 220 (M).

2-(4-Bromophenyl)-5,5-dimethy-1,3,2-dioxaborinane (20) [49]: Colorless prisms. mp 110-112 °C
(from MeOH).*H NMR (CDCk) 6: 1.02 (6H, s, Me), 3.76 (4H, s, GH7.48 (2H, dJ = 8.2 Hz,
Ar-H), 7.65 (2H, dJ = 8.2 Hz, Ar-H). LR-MS m/z: 268 (R).

2-(4-Ethoxycar bonyl phenyl)-5,5-dimethy-1,3,2-dioxaborinane (21) [50]: Colorless prisms. mp
97-100 °C (from MeOH)H NMR (CDCk) J: 1.03 (6H, s, Me), 1.40 (3H, 4,= 7.1 Hz, Me), 3.78
(4H, s, CH), 4.38 (2H, qJ = 7.1 Hz, CH), 7.86 (2H, d,J = 8.3 Hz, Ar-H), 8.01 (2H, d] = 8.3 Hz,
Ar-H). LR-MS m/z: 262 (M).

5,5-Dimethy-2-(4-trifluoromethylphenyl)-1,3,2-dioxaborinane (22) [51]: Colorless prisms. mp
97-100 °C (from MeOH)*H NMR (CDCk) d: 1.03 (6H, s, Me), 3.79 (4H, s, GH7.59 (2H, dJ =
7.8 Hz, Ar-H), 7.90 (2H, d] = 7.8 Hz, Ar-H). LR-MS m/z: 258 (}).

5,5-Dimethy-2-(2-thienyl)-1,3,2-dioxaborinane (23) [50]: Colorless prisms. mp 95-96°C (from
MeOH). *H NMR (CDCh) d: 1.05 (6H, s, Me), 3.78 (4H, s, GH7.18 (1H, tJ = 4.1 Hz, Ar-H),
7.58-7.60 (2H, m, Ar-H). LR-MS m/z: 196 (W
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Table 1. Pd-catalyzed B-arylation of organoantimony and bismuth reagents 1a~10 with
bis(neopentyl glycol ate)diboron 11a®

2
X Me 5 o Me
11

Ph_] a o
Ph™ I\I/I_Ph PdCl,(PPhg), (5 %mol) QB\O}MZ *
X Solvent, 60°C, Air
1la~10 12 13
Entry Substrate M X Solvent Time (h) 12 (%)° 13 (%)°
1 la Sb OAc 1,4-Dioxane 6 98 <1
2 2 OBz 6 86 1
3 3 OTs 6 48 2
4 4 Cl 24 95 2
5 5 Br 24 48 1
6 6 Ph 6 13 48
7 7 Null 24 3 6
8 8 Bi OAc 6 49 66
9 9 Cl 6 39 43
10 10 Null 24 13 25
1 la Sb OAc DME 3 99 (95)° <1
12¢ DME 12 98 <1
13 THF 6 97 3
14 Toluene 6 98 <1
15 1,2-DCE 6 91 <1
16 CHsCN 6 78 1
17 NMP 6 98 <1
18 EtOH 6 93 <1

& Conditions: 1a-10 (0.5 mmol), 11a (1.5 mmol).

b GC yield using octadecane as internal standard. The yield 100% corresponds to the formation of 1
mmol of 12 and 0.75 mmol of 13.

¢ Isolated yield.

4 Pd catalyst (1 mol%).



Table 2. Pd-catayzed Miyaura-type coupling reaction of triarylantimony diacetates 1 with diboron

reagents 112
Ar (|)AC
Diboron reagent 11 o)
Ssb—Ar - 2% | A8 )
Ar dac PACI,(PPhy); (1 mol%) o
; 12 h, 60 C, Air 14.23
Me Me Me MS1e Me
Me/ O, O\ Me MeO_ _O~Me i 0 O O—Mm
1a: Me><:OB—BO Ve 11p: Mej:OB—BO Ve 11c: ﬁ:OB—BO 16 HB_ e
Me Me Me Me Me Me
Entry Sbreagent Ar Boron reagent Product Yield (%)°
Me
/O e
1 1la Phenyl 11b @B\Oime 14 72
Me
Me
o Me
2 1a Phenyl 11c et 15 83
Me
Me
/o e
3 1la Pheny! 11d @B\Oime 14 0°
Me
o\ _M
4 1b 4-Methoxyphenyl 1la MeOOBb ><M2 16 89
O Me
5 1c 4-Methylphenyl 11a Me@% K 1779
O Me
6 1d 2-Methylphenyl 1lla QBbkMe 18 55
Me
Me
. O Me
7 le 2,4,6-Trimethylphenyl 11a MeQBb ><Me 19 47
Me
O Me
8 1f 4-Bromophenyl 1la Br@B‘o ><Me 20 60
O Me
9 19 4-Ethoxycarbonylphenyl 11a EtOZCOB\O ><Me 21 80
. O Me
10 1h 4-Trifluoromethylphenyl 11a FSCOBb ><Me 22 75
(6] Me
. . \ U
1 1 2-Thienyl 1la QB‘O K, 26l

21 (0.5 mmol), 11 (1.5 mmol), PdCl,(PPhs), (0.005 mmol).

®|solated yield. The yield 100% corresponds to the involvement of two aryl groups on 1.
¢ Triphenyl stibane (PhzSh) was isolated in 74% yield.
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Influence of atmosphere upon B-arylation of 11a with 1a
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Highlights

Miyaura-type borylation under aerobic conditions without any base was developed.
Triarylantimony diacetates can be used as new effective B-arylating agents.
A wide range of triarylantimony diacetates gave arylboronates with good to excellent yields.



