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ABSTRACT: The addition of arylzinc reagents ArZnCl 1 to
alkynes 2 was found to be catalyzed by rhodium complexes in
the presence of a catalytic amount of zinc chloride. The
selectivity in giving 2-arylalkenylzinc species 3 or ortho-
alkenylarylzinc species 4, the latter of which is generated
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through 1,4-Rh migration from alkenyl to aryl in the catalytic cycle, is controlled by the ligands on rhodium. Ligands cod and

binap gave 3 and 4, respectively, with high selectivity.

arbometalation of alkynes is one of the most efficient

methods of generating substituted alkenylmetals which
are useful synthetic intermediates for the multisubstituted
alkenes, and addition of arylmetals to simple unfunctionalized
alkynes has been a challenging reaction because of their low
reactivity.1 The first-row transition metals including Ni, Co, Fe,
Mn, and Cr have been reported to catalyze the addition of
arylmagnesium” and -zinc’ reagents to the unfunctionalized
alkynes (Scheme 1a). A Rh complex has been reported to
catalyze the carbozincation of ynamides* (Scheme 1b), but no
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reports have appeared on the carbozincation of unfunctional-
ized alkynes using Rh catalysis. In 2012, Yoshikai reported” a
new type of Co-catalyzed arylzincation of alkynes where ortho-
alkenylarylzinc species are formed through 1,4-migration of
cobalt from an alkenyl carbon to aryl carbon (Scheme Ic).
Here, we report our findings that arylzincation of unfunction-
alized alkynes is catalyzed by Rh complexes in the presence of a
catalytic amount of ZnCl, and the arylzincation with or
without 1,4-migration is controlled with high selectivity by the
ligands on rhodium (Scheme 1d). The 1,4-shift of rhodium
from alkenyl to aryl carbons has been reported to be involved
in the catalytic cycle of Rh-catalyzed multiple carbon—carbon
bond forming reactions including asymmetric reactions.””® As
a related arylmetalation reaction, we recently reported that the
addition of arylstannanes to alkynes giving ortho-alkenylaryl-
stannanes is catalyzed cooperatively by a rhodium complex and
zinc chloride.”

In our present studies, arylzinc reagents ArZnCl were
prepared by lithiation of ArBr with BuLi in THF at —80 °C
followed by addition of an excess amount (1.3 equiv) of ZnCl,
to the THF solution of ArLi.'>"" The results obtained for the
reaction of 3,5-(MeO),C¢H;ZnCl (1a) with 4-octyne (2a) in
the presence of several rhodium catalysts are summarized in
Table 1. The reaction mixture containing 2-arylalkenylzinc 3aa
and/or ortho-alkenylarylzinc 4aa was hydrolyzed with D,O,
and the location of D (5aa/6aa) was analyzed by 'H and *H
NMR spectra. The yield of the arylzincation and the selectivity
with or without 1,4-migration are heavily dependent on the
ligand on rhodium. Thus, the THF solution of ArZnCl (1a,
0.60 mmol, 3.0 equiv to 2a) containing ZnCl, (0.18 mmol, 0.9
equiv to 2a) was added to the alkyne (2a, 0.20 mmol) in the
presence of a rhodium catalyst generated from [RhCl(coe),],
(3 mol % of Rh) and binap'” (3.3 mol %) in THF, and the
mixture was heated at S0 °C for 5 h. The arylzincation
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Table 1. Rhodium-Catalyzed Arylzincation of 4-Octyne (2a)
with 3,5-(MeO),CcH;ZnCl (1a)“

ligand on additive yield (%) ratio® of
entry Rh” (mmol)“ Saa + 6aa Saa/6aa
1 binap ZnCl, (0.18) 91 <1:99
2 cod ZnCl, (0.18) 82 92:8
3 binap ZnCl, (0.09) 90 <1:99
4 binap - 22 4:96
58 binap - <3 -
6" binap ZnBr, (0.18) 81 5:95
h binap Znl, (0.18) 87 3:97
8 dppe ZnCl, (0.18) 23 37:63
9 dppp ZnCl, (0.18) 2 48:52
10 dppf ZnCl, (0.18) 27 19:81
11 biphep ZnCl, (0.18) 83 12:88
12 DPh, ZnCl, (0.18) 78 6:94
13 xantphos ZnCl, (0.18) <3 —
14 nbd ZnCl, (0.18) 83 5:95

“Reaction conditions: 4-Octyne (2a) (0.20 mmol), ArZnCl (1a)
(0.60 mmol), ZnCl, (0.18 mmol), and Rh catalyst (3 mol % of Rh) in
THF (2.0 mL) at 50 °C for S h. The reaction was quenched with D,0
(0.2 mL). ’[RhCl(coe),], (6.0 umol of Rh) + bisphosphine (6.6
umol), RhCI(PPh;), (6.0 umol), or ([RhCl(diene)], (diene = cod or
nbd, 6 umol of Rh). “The excess amount of ZnX, used at the
generation of ArZnX. “Isolated yield. “Determined by 'H and *H
NMR spectra.fAanCl (1a) (0.30 mmol), ZnCl, (0.09 mmol), THF
(1.0 mL) for 1 h. ®Reaction of Ar,Zn generated from ArLi (0.60
mmol) and ZnCl, (0.30 mmol). "ArZnX was generated from ArLi
(0.60 mmol) and ZnX, (0.78 mmol, X = Br or I).

accompanied by the 1,4-migration proceeded selectively to
give, after the D,O quenching, a 91% yield of 6aa, where the
deuterium is incorporated at the ortho-position of the phenyl
ring (entry 1). On the other hand, the reaction in the presence
of a rhodium catalyst coordinated with cod'” under otherwise
the same conditions gave an 82% yield of the arylation product
where the deuterium is found mainly at the alkenyl carbon
(5aa/6aa = 92:8) (entry 2). In the Rh/binap-catalyzed
reaction, the amounts of ArZnCl 1a and ZnCl, were reduced
to 1.5 and 0.45 equiv, respectively, without loss of the
arylzincation yield or 1,4-migration selectivity (entry 3). The
presence of ZnCl, as a catalyst, which was added in an excess
amount (1.3 equiv to ArLi) at the generation of ArZnCl from
ArLi, is essential for the present arylzincation. The yield of
arylzincation was much lower (22%) in the reaction with
ArZnCl generated with 1.0 equiv of ZnCl, (entry 4).
Diarylzinc Ar,Zn generated from ArLi and 0.50 equiv of
ZnCl, did not give the arylzincation products (entry S). Other
zinc salts, ZnX, (X = Br and I), which were used in an excess
amount at the generation of ArZnX" from ArLi, also catalyzed
the reaction, but the yields and the migration selectivity were
somewhat lower (entries 6 and 7). The lower yield and
selectivity were observed with other phosphine ligands, dppe,
dppp, dppf, biphep, and PPh; (entries 8—12). The
arylzincation did not proceed with the xantphos ligand
(entry 13), which has been reported to be the best ligand in
the cobalt-catalyzed migratory arylzincation.5 Interestingly, the
high selectivity in giving 3aa without the 1,4-migration was
observed only with 1,5-cyclooctadiene (cod). Other diene
ligands including norbornadiene (nbd) promoted the
migratory arylzincation, giving 4aa preferentially (entry 14).
The rhodium-catalyzed arylzincation was also successful
with several other arylzinc reagents ArZnCl, and similar

selectivity control in giving arylzincation products with or
without 1,4-migration was observed in the arylzincation of 4-
octyne (2a), whose results are summarized in Table 2. The

Table 2. Rhodium-Catalyzed Arylzincation of 4-Octyne (2a)
with Arylzinc Reagents 1¢

LonRh” (A) or yield (%) of ratio? of
(B)* S

entry  1: Ar in ArZnCl +6 S:6
1 la: binap (B) 90 <1:99
3,5-(Me0),CeH, cod (A) 82 92:8

2 1b: Ph binap (A) 87 2:98
cod (A) 80 80:20

3 lc: 4-MeCiH, binap (B) 91 1:99
cod (A) 68 77:23

4 1d: 4-MeOC4H, binap (A) 94 1:99
cod (A) 84 74:26

S le: 4-Me,NC.H, binap (B) 87 1:99
cod (A) 71 94:6

6 1f: 4-Me,SiC¢H, binap (B) 85 6:94
cod (A) 86 81:19

7 1g: 4-FC(H, binap (B) 83 <1:99
cod (A) S2 49:51

8 1h: 4-CF;C¢H, binap (B) 93 <1:99
cod (A) 87 <1:99

9 1i: 3-MeC¢H, binap (B) 87 1:99¢

cod (A) 72 86:14°

10 1j: 3-MeOCH, binap (A) 93 1:99"

cod (A) 82 80:20"

11 1k 3-Me,NCeH, binap (B) 95 1:99°
cod (A) 72 95:5¢

12 16: 3-Me;SiCgH, binap (B) 87 1:99¢

cod (A) 79 83:17°

13 Im: binap (B) 97 1:99°
3-Me-5-MeOCeH; o4 (a) 79 >99:1

14 1n: 2-MeOC¢H, binap (A) 88 13:87
cod (A) 64 94:6

“Reaction condition (A): ArZnCl 1 (0.60 mmol), ZnCl, (0.18
mmol), 4-octyne (2a) (0.20 mmol), and Rh catalyst (3 mol % of Rh),
THF (total 2.0 mL) at SO °C for S h. The reaction was quenched with
D,0 (0.2 mL). (B): ArZnCl 1 (0.30 mmol), ZnCl, (0.09 mmol), 4-
octyne (2a) (0.20 mmol), and Rh catalyst (3 mol % of Rh), THF
(total 1.0 mL) at 50 °C for 1 h. “[RhCl(coe),], (6 umol of Rh) +
binap (6.6 umol) or [RhCl(cod)], (6 umol of Rh). “Isolated yield.
“Determined by 'H and *H NMR. “Regioselective 1,4-shift giving the
products 6 shown below. A mixture of 6ja and 6ja’ in a ratio of 2:1
and 4:1 with binap and cod, respectively.

TN
. Pr - " Pr o 6ia D Pr
\@ﬁ\v r © T Meo P
D D o
R = Me (6ia), NMe; (6Ka), SiMe; (6la) MeO  ema 6ia s

selectivity of the addition/1,4-migration sequence giving ortho-
alkenylphenylzinc 4 with binap as a ligand is very high for all
the arylzinc reagents shown in Table 2, including unsubstituted
phenylzinc (entry 2) and para-substituted ones with both
electron-donating and -withdrawing groups (entries 3—8). The
ratio of 5:6 ranges between <1:99 and 6:94. The 1,4-shift was
regioselective in the reaction of meta-substituted phenylzinc
reagents with Me, NMe,, and SiMe;, deuterium being
incorporated at the less hindered position exclusively (entries
9, 11, 12). The regioselectivity was low with 3-MeOC¢H,ZnCl
(entry 10). Interestingly, the 1,4-migration took place
selectively to the position next to the MeO group in the
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reaction of 3-Me-5-MeOC¢H;ZnCl (entry 13). The selective
formation of 2-arylethenylzincs 3 without 1,4-migration was
also realized using cod as a ligand of the rhodium catalyst for
most of the arylzinc reagents examined, although the selectivity
is generally not as high as that for the reaction with migration.
The ratio of 5:6 after D,O quenching is higher than 7:3, except
for the arylzinc reagents substituted with electron-withdrawing
groups. Zinc reagents 4-FC¢H,ZnCl and 4-CF;C¢H,ZnCl gave
the corresponding arylatlon products with 5:6 = 49:51 and
<1:99, respectively'* (entries 7 and 8).

The reaction conditions used for the arylzincation of 4-
octyne are applicable to other unfunctionalized alkynes. The
results are summarized in Scheme 2, which also contains

Scheme 2. Rhodium-Catalyzed Arylzincation of Alkynes 2
with Arylzinc Reagents 1

= ZnCl
XU Rh/L (3 mol % Rh) D,O (entries 1-7) - R?
1 ZnCly, THF or I, (entries 8-11) Dorl

o Dorl
R ; R2 50°C S5or7
2
entry 1) entry 2) entry 3)
1awith 2b (R" =R2=n-CsHyy)  1awith 2¢ (R'=R2=n-C;H;5) 1awith 2d (R = R2 = Ph)

binap (A):91%, 5ab:6ab = 1:99  binap (A): 97%, 5ac:6ac = 4:96  binap (B): 98%, 5ad:6ad = 13:87
cod (A): 78%, 5ab:6ab =90:10 cod (A): 74%, 5ac:6ac =93:7 cod (A): 86%, 5ad:6ad = 97:3

Ph
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D (6ab)
MeO MeO

entry 4) entry 5) entry 6)

1b with 2d (R! = R2 = Ph) 1a with 2e (R = Et, R2 = Ph) 1a with 2f (R = /-Pr, R2 = p-Tol)

binap (B): 97%, 5bd:6bd = 10:90 binap (B): 93%, 5ae:6ae = 10:90 binap (B): 93%, 5af:6af = 10:90

cod (A): 61%, 5bd:6bd =92:8 cod (A):° 72%, 5ae:6ae =94:6 cod (A): 89%, 5af:6af = 95:5¢

©\)\D((5bd) D (5ae)
D (6bd) D (6ae)

entry 7) entry 8)
1a with 2g (R! = Me, R2 = CH,CMe(COOE),) 1b with 2a, cod (A)

cod (A): 87%, 5ag:6ag = 97:3 then 1,:¢ 63% 7ba

o) Q COOEt
5 COOEt N
i
MeO 529 7ba

entry 9) entry 10) entry 11) entry 12)

1b with 2a, binap (A) 1h with 2a, binap (B) 1a with 2h 1b with 2a, binap (B)

then 1,:/ 77% 8ba then I,: 87% 8ha (R =Me, R2=CH,SiMez) then cyclohex-2-enone:9
cod (A), then l: 73% 7ah 67% 9

\
S S MeO N SiMeg
| (o]
1 CF5 1
8ba 8ha

Meo 7ah 9

D (5ac)
D (6ac)

MeO

“For reaction conditions (A) and (B), see footnote a in Table 2. For
iodination, 12 (0.60 mmol) was added after the Rh-catalyzed
arylzincation. YTHF solutions of [ [RhCl(cod)], and alkyne 2d were
added dropwise to PthCl (1b) and ZnCl, in THF over 40 min. 1.5
mol % of Rh catalyst. Contalmng 5% of its regioisomer. “5 mmol
scale. 20 mmol scale, 1 mol % of Rh catalyst. £Cyclohex-2-enone
(0.36 mmol) and [RhCl(cod)], (15 mol % Rh) were added, and the
mixture was heated at THF reflux for 12 h.

examples where the generated zinc reagents were used for a
few transformations other than the deuteration.> The
arylzincation with 1a took place for symmetrically substituted
dialkylalkynes 2b—2c and diphenylacetylene (2d) to give the
corresponding ortho-alkenylarylzinc or 2-arylalkenylzinc prod-
ucts with high selectivity using binap or cod (entries 1—4). In
the reactions of alkyl(aryl)alkynes 2e—2f, high regioselectivity
was observed for the bond formation between the aryl group of
the arylzinc and the alkyl-substituted alkyne carbon (entries $
and 6). This selectivity is as expected from the reported

regiochemistry at carbometalation of alkyl(aryl)alkynes." The
high regioselectivity was also observed in the arylzincation of
methyl(alkyl)alkyne 2g, where the alkyl group is much bigger
than methyl (entry 7). The iodination of arylzinc reagents, 2-
arylalkenylzinc 3 and ortho-alkenylarylzinc 4, with I, proceeded
smoothly to give the corresponding alkenyl and aryl iodides in
high yields (entries 8—11). As another example of trans-
formation of the resulting zinc reagents, Rh-catalyzed
conjugate addition of the arylzinc species'® generated from
4-octyne (2a) and PhZnCl (1b) is shown in entry 12."

The catalytic cycle of the present arylzincation of alkynes
with/without 1,4-migratory is proposed as shown in Scheme 3.

Scheme 3. A Catalytic Cycle Proposed for Arylzincation of
Alkynes Catalyzed by Rh Complexes and ZnCl,

ZnCl, [Rh]

arym

[Rh] Cl ZnCl
cod
R transmetalation
= XN
X | xL
ZnCl N
4 ZnCl, o [RAI

transmetalation

Thus, the syn-addition of aryl-Rh intermediate A to the
alkyne generates 2-arylalkenyl—Rh species B. Transmetalation
of the alkenyl group from Rh to ZnCl, takes place to produce
alkenylzinc product 3 and Cl-Rh C. Arylation of C with
ArZnCl regenerates aryl-Rh A.'®"” Direct transmetalation
between alkenyl-Rh B and ArZnCl 2 giving aryl-Rh A and
alkenylzinc 3 is less likely because a catalytic amount of ZnCl,
is necessary for the present arylzincation to take place (see
entries 4 and S in Table 1). When the transmetalation of
alkenyl-Rh intermediate B with ZnCl, is relatively slow, it
undergoes 1,4-migration of Rh giving ortho-alkenylpheny-Rh
intermediate D, which is thermodynamically more stable than
B.”® Transmetalation with ZnCl, finally leads to the ortho-
alkenylarylzinc 4.°° The selectivity in producing 3 or 4 is
dependent on the reactivity of alkenyl-Rh intermediate B
toward transmetalation with ZnCl,. It is our understanding
that the transmetalation, which is an intermolecular reaction, is
faster with a smaller cod ligand and the Rh 1,4-migration which
is an intramolecular event is not strongly affected by the
ligands on rhodium.

The reactions starting with alkenylzinc 3ba and ortho-
alkenylarylzinc 4ba (eq 1) gave us further insight into the
reaction mechanism. The isomerization of 3ba into 4ba was
observed in the presence of ZnCl, with both Rh/binap and
Rh/cod catalysts, while the isomerization is very slow without
ZnCl,. The isomerization from 4ba to 3ba was not observed
under the same conditions with the binap or cod ligand. These
results demonstrate that ZnCl, plays a key role at the
transmetalation steps in the catalytic cycle and that ortho-
alkenylarylzinc 4ba is thermodynamically more stable than
alkenylzinc 3ba. It is remarkable that the ratio of 2-
arylalkenylzinc 3 to ortho-alkenylarylzinc 4 in the reaction of
alkyne 2 with arylzinc 1 is not dependent on the reaction time

ZnCI

transmetalation

1,4-Rh migration
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or conversion. Thus, D,O quench of the reaction of 1a with 2a
at 15 min reaction time gave a 47% yield of Saa/6aa (1/99)
and a 29% yield of Saa/6aa (93/7) with binap and cod ligands,
respectively. The Saa/6aa ratios are essentially the same as
those observed in entries 1 and 2 in Table 1. The organozincs
3 and 4 generated by the reaction of alkyne 2 with an excess
amount of ArZnCl 1 do not go back to the catalytic cycle
shown in Scheme 2 in the presence of excess 1, although both
Rh/binap and Rh/cod catalyze the isomerization of 3 to 4 in
the absence of ArZnCl 1 (eq 1).

Pr Pr Pr

Q)\/Pr [RNCILI, (3 mol % Rh) D,0 ©)\/Pr @\)\/Pr
= M
ZnCl  ZnCl, (x equiv) D 5
3ba THF, 50°C, 5 h 5ba 6ba
Pr X .
From 3ba L =binap, ZnCl, (0 equiv): 5ba:6ba = 91:9
P L = binap, ZnCl, (2 equiv): 5ba:6ba = 1:99
L=cod, ZnCl, (2 equiv): 5ba:6ba = 1:99
ZnCl
4ba From 4ba L =binap, ZnCl, (0 equiv): 5ba:6ba = <1:99

L = binap, ZnCl, (2 equiv): 5ba:6ba = <1:99
L=cod, ZnCl, (2 equiv): 5ba:6ba = <1:99

In summary, we have disclosed that the addition of arylzinc
reagents ArZnCl to unfunctionalized alkynes is efficiently
catalyzed by rhodium complexes in the presence of a catalytic
amount of zinc chloride. One of the divergent pathways in
giving 2-arylalkenylzincs or ortho-alkenylarylzings, the latter of
which are generated through 1,4-Rh migration from alkenyl to
aryl in the catalytic cycle, is chosen by use of the appropriate
ligands on rhodium.
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