LETTER

1921
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Abstract: Cross-coupling reactions of hypervalent organobismuth
compounds, 6-tert-butyl-5,6,7,12-tetrahydrodibenz[ c,f][ 1,5] azabis-
mocines, with aryl and alkenyl chlorides are efficiently catalyzed by
the Pd(OAc),/dppf [dppf = 1,1'-bis(diphenylphosphino)ferrocene]
system.
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Transition metal-catalyzed cross-coupling reactions of or-
ganometallic compounds with organic halides and tri-
flates are one of the most important reactions to make C-
C bonds.! Recently, enormous development has been
achieved in this methodology and a number of active cat-
alyst systems have been developed to enable the efficient
coupling of aryl chlorides, which are generally cheaper
and more easily available, but less reactive than the corre-
sponding bromides and iodides.?®

We became interested in using organobismuth com-
pounds in organic synthesis because bismuth is alow tox-
ic element and the use of organobismuth compounds in
organic synthesis was limited.* Recently, we have report-
ed that organobismuth compounds are capable reagents
for the cross-coupling reaction with organic triflates,
iodides and bromides.® In particular, hypervalent organo-
bismuth compounds, 6-tert-butyl-5,6,7,12-tetrahydro-
dibenz[c,f][ 1,5]azabismocines,® have proved to be highly
reactive and recoverable reagents for the cross-coupling
reaction with aryl bromides.> Herein, we wish to report
the first application of organobismuth compounds to the
cross-coupling reaction with aryl and alkenyl chlorides.

The performance of three organobismuth compounds,
BiPh;,, 1 (Figure 1),%2¢7 and 2a for the cross-coupling re-
action with aryl chlorides was evaluated by the reaction
with 4-chlorobenzonitrile (3a) in the presence of 10 mol%
of Pd(PPh3), in NMP (NMP = 1-methyl-2-pyrrolidinone)
at 100 °C for 12 hours. BiPh; and 1 afforded the cross-
coupled product in very low yields and the addition of CsF
showed no improvement (Table 1, entries 1-4). On the
other hand, 2a gave the cross-coupled product in moder-
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Figurel Structures of organobismuth compounds 1 and 2a—e

ate yield and the yield was improved by the addition of
CsF (Table 1, entries 5 and 6).

Table 2 shows the representative results of the effect of
phosphine ligands on the reaction of 2a with 3a and 2-
chloronaphthalene (3b). The reaction of 2a with 3a effi-
ciently proceeded when bidentate phosphines with rela
tively large bite angles® were used (Table 2, entries 1, 2,
and 4-6), and 10 mol% of dppf showed the best result.
Among monodentate  phosphines tested, PCy;,
(Cy = cyclohexyl) showed the highest activity (Table 2,

Tablel Cross-Coupling Reaction of Organobismuth Compounds,
BiPhs, 1, and 2a with 4-Chlorobenzonitrile

Ri_Dh Pd(PPh3)
Bi-Ph (10 mol %
+ 4-PhCgH,CN
4-CICaH,CN NMP, 100 °C
12 h, (additive)

Entry ‘Bi-Ph’ Additive (equiv) Yield (%)
10 BiPh, - 2
2 BiPh, CsF (4) 0
3 1 - 6
4 1 CsF (2) 8
5¢ 2a - 66
6° 2a CsF (2) 82

aYieldsweredetermined by GC using hexadecane asan internal stan-
dard.

b BiPhs, 0.13 mmol; ArCl, 0.41 mmol; NMP, 3 mL.

¢1 or 2a, 0.30 mmol; ArCl, 0.25 mmol; NMP, 3 mL.
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entry 10), which, however, was not as high asthe reaction
with dppf. P(t-Bu);, which is effective for Suzuki—
Miyaura and some other cross-coupling reactions,® was
not very suitable for the reaction of 2a (Table 2, entries
11-13). For the less reactive 3b, cross-coupled product
was obtained in a moderate yield when dppf was used and
the addition of CsF (2 equiv) considerably improved the
yield (Table?2, entries 14, 15). Ph,P(CH,),PPh, and
Ph,P(CH,)sPPh, were less efficient than dppf for the reac-
tion of 3b (Table 2, entries 16, 17).

Table 3 summarizes the scope and limitation of the cross-
coupling reaction of 6-tert-butyl-5,6,7,12-tetrahydro-
dibenz| c,f][1,5] azabismocines with aryl and alkenyl chlo-

Table2 Effect of Phosphine Ligands on the Cross-Coupling Reac-
tion of 2a with Aryl Chlorides

0,
2a Pd(OAc), (10 mol %)

ligand
+ Ar-Ph
Ar-Cl NMP, 100 °C, 12 h
(CsF, 2 equiv)
Entry ArCl Ligand (mol%) CsF Yield (%)

L on p-a donf (20 No 88

2 dppf (10) No 93
3 Ph,P(CH,),PPh, No 25
(10)
4 Ph,P(CH,);PPh, No 85
(10)
5 Ph,P(CH,),PPh, No 90
(10)
6 Ph,P(CH,)sPPh, No 92
(10)
7 PPh, (40) No 41
8 P(o-tolyl); (40) No Trace
9 P(2-furyl); (40) No Trace
10 P(Cy); (40) No 72
11 P(t-Buy); (40) No 13
12 P(t-Bu); (30) No 60
13° P(t-Bu); (20) No 24
14 ' . cl dppf (10) No 66
15 dppf (10) Yes 93
16 Ph,P(CH,),PPh, Yes 65
(10)
17 Ph,P(CH,)sPPh, Yes 10
(10)

a2Yields were determined by GC using hexadecane as an interna
standard.
b Pd,(dba), (5 mol%) was used instead of Pd(OAC),.
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rides catalyzed by the Pd(OAc),—dppf system.® Phenyl
compound 2a and methyl compound 2b efficiently react-
ed with electron-deficient and -neutral aryl chlorides in
the absence (Table 3, entries 1, 2 and 10-15) or in the
presence of CsF (Table 3, entries 6, 7), while 2a did not
react with adeactivated aryl chloride, 4-chlorotoluene, ef-
ficiently (Table 3, entry 16). Pyridyl, thienyl and alkenyl
chlorides also smoothly coupled with 2a (Table 3, entries
17-21). Isopropenyl compound 2c also reacted with 3a
and 3b under the same reaction conditions as those for 2a
and 2b, although the yields were moderate (Table 3, en-
tries 3 and 8). On the other hand, phenylethynyl com-
pound 2d is much less reactive than 2a—c and required the
addition of CsF and higher reaction temperature even in
the reaction with 3a (Table 3, entry 4) and did not givethe
cross-coupled product in the reaction with 3b (Table 3,
entry 9).

As reported previously,> the cyclic 5,6,7,12-tetrahydro-
dibenz[c,f][1,5]azabismocine structure is stable and the
bismuth compound can be recovered a most quantitative-
ly as chloride 2e, which can easily be converted to 2a—d
and reused.®1°

Figure 2 shows a plausible reaction mechanism of the
present cross-coupling reaction. The cross-coupling reac-
tion of 2 seems to follow a typical reaction cycle of the
cross-coupling reaction of organometalic compounds
with organic halides and triflates like the cross-coupling
reaction of 1.

In order to gain information on the cause of the reactivity
difference among BiPh;, 1, and 2, the following two sets
of experimentswere carried out. Thefirst wasthereaction
of these Bi-Ph compounds with (Ph,P),PdCI(C¢H,CN),**
which is associated with path (ii) in Figure 2. Theyield of
4-biphenylcarbonitrile after heating in DMF-d; at 100 °C
for one hour in the presence of two equivalents of PPhy
was 44%, 59%, and quantitative, respectively, for BiPh,,
1, and 2a, suggesting the exceptionally high reactivity of
2a. The other set of experiments was intended to examine
the possible Bi-C oxidative addition, which is envisioned
tolead to catalyst decomposition [path (iv), Figure 2]. The
3P NMR spectrum of a 1:1 mixture of BiPhs, 1 or 2a and
Pd(PPh;), in DMF-d; revealed the palladium species de-
composing upon heating at 100 °C, the rate being in the
order BiPh,>1>2a.'? In this set of experiments, we were
unable to detect the species coming from Bi-C oxidative
addition with Pd(PPh),. However, the oxidative addition
of Bi-C bonds of 1 and 2a towards a Pt(0) complex does
take place, 1 being much more reactive than 2a.® We pre-
sume that the decomposition of Pd(PPhs), is triggered by
Bi-C oxidative addition to Pd(0), which is probably re-
versible and can be competitive with the desired oxidative
addition of C-Cl bonds. On the basis of these experiments,
we conclude that the higher efficiency of 2a probably re-
sults from (1) the higher ability to transfer the organic
group on the bismuth atom in the transmetallation step
[path (ii), Figure 2] and (2) the lower ability of the Bi-C
bond for oxidative addition to the Pd(0) species that |eads
to the decomposition of the catalyst [path (iv), Figure 2].
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Table3 Cross-Coupling Reaction of 2a—d with Various Aryl and
Alkenyl Chlorides

Pd(OAc); (10 mol %)
dppf (10 mol %)

Bi-RM' + R2-Cl R1-R?
NMP, 100 °C, 12 h
2a-2d (CsF, 2 equiv)
Entry 2a—d R2-Cl CsF Yield (%)
1 2a No uant.
v+ ) Q
2 2b No (92)
3 2c No 62
4b 2d Yes 58
5 2a “/ilcl No 66
6 2a Yes 93
7 2b Yes (95)
8 2c Yes (53)
9 2d Yes 0
10 2a No 92
MeO,C O cl
11 2a No 79
12 2a o) No Quant.
CO”
o]
13 2b No 75
14 2a ~/ ! cl No Quant.
15 2b No (99)
16 2a Yes (20
e
17 2a = No 92
)—Cl
\ N
18 2a i No 42
5”7 Cl
19 2a Yes 58
20 2a No 90
(@]
cl
21° 2a e} No 61¢
CI
cl
O

a2|solated yields. GC yields using hexadecane as an internal standard
are shown in parentheses.

b Reaction temperature: 120 °C.

¢ 20 mol% of Pd(OAc), and dppf were used.

dYield of diphenylated product.

Although the effect of CsF wasnot clearly understood, co-
ordination of the fluoride anion to the bismuth center may
take place, which facilitates the transfer of organic group
inthetransmetallation step and retardsthe direct oxidative
addition of Bi-C bond to Pd(0) species.

In conclusion, bismuth compounds 2a—d are useful and
easily recoverablereagentsfor the cross-coupling reaction
with aryl chlorides. For relatively reactive aryl chlorides,
the addition of coordinating additives such as CsF or
bases is not necessary, which is often required for the
cross-coupling reaction of other organometallic reagents.

R'-Cl Pd(0) R-Bi
U R-Bi ™)
R-R'
R'-Pd-Cl \ (iii) R-Pd-Bi
R-Bi - l
(i) catalyst
decomposition
Bi-Cl R-Pd-R'

Figure2 A plausible mechanism of the reaction of 2a—d with aryl
and akenyl chlorides
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(13)

Typical Procedure: A mixture of 2a (161 mg, 0.30 mmol),
4-CF,CgH,Cl (46 mg, 0.25 mmal), Pd(OAc), (5.6 mg, 0.025
mmol) and dppf (14 mg, 0.025 mmol) in 3 mL of NMP was
heated at 100 °C for 12 h under N,. The crude mixture was
dissolved in EtOAc (90 mL) and washed with ag HCI (4 M,
3% 10 mL) and H,O (10 mL). The organic layer was dried
over Na,SO,, filtered, and concentrated in vacuo. The
residue was separated with a short pad of silicagel, eluting
with EtOAc—hexane (1:10) to give a mixture containing
cross-coupled product and then with CH,CI ,—EtOAc (1:1) to
give pure 2e (145 mg, 98%). Theformer mixturewasfurther
purified with PTL C to give 4-trifluoromethylbiphenyl (45
mg, 79%).

Fitton, P.; Rick, E. A. J. Organomet. Chem. 1971, 28, 287.
The 3P NMR spectrum of each of the mixture at r.t. showed
abroad signal suggesting a rapid exchange of coordinated
and uncoordinated PPh;. The signals shifted upfield
gradually and reached that of free PPh; after complete
decomposition.

(8) Shimada, S.; Tanaka, M. unpublished results.

(b) Oxidative addition of 1toward Pt(PEt;), takesplace even
at 50 °C andiscompletewithin Lhat 0 °C, whilethat of 2a
toward Pt(PEt;); is Slow at r.t. and is not complete, and
seems to reach equilibrium at about 60% conversion.
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