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Abstract: The palladium-catalyzed cross-coupling of intramolecu-
larly stabilized divinyl- and diallylaluminium compounds 1 and 2
with haloarenes and chloroarene-Cr(CO), complexes has been stud-
ied. The coupling products were obtained in high yields (up to 98%)
under relatively mild conditions (40-60 °C in THF, 3-12 h) in the
presence of 5-10 mol% of PdCl,(PPhy),.
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Throughout the last decades palladium-catalyzed cross-
coupling reactions of electrophiles with organometallic
reagents have become one of the most important proce-
duresfor carbon—carbon bond formation.! For the transfer
of various organic residues the range of possible organo-
metallics include tin (Stille coupling),? boron (Suzuki
coupling),® zinc (Negishi coupling),* and Grignard re-
agents.® But there are still considerable problems specific
to alkenyl organometallics. Some of them are readily
polymerized and cannot be isolated. Others are of high
toxicity and their inorganic by-products cannot be re-
moved by simple work up procedures.

In the course of our work on intramolecularly stabilized
organometallic complexes of group 13 metals® we have
demonstrated their great potential in synthetic application.
Herein, we show that the intramol ecularly stabilized orga-
noaluminium compounds 17 and 28 (Figure 1), are also
useful reagents for the Pd-catalyzed cross-alkenylation of
haloarenes. The vinyl- and allyl-reagents are readily syn-
thesized crystalline solids, which are easily isolated and
keep indefinitely stable under nitrogen.
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At first, Pd-catalyzed cross-coupling reactions of a-bro-
monaphthalene (3) with aluminium reagents 1 and 2 were
investigated (Schemel). The results are shown in
Table 1.
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Scheme 1

After areactiontime of 12 h at 60 °C in the presence of 10
mol% of the Pd-catalyst, complete conversion was ob-
served (TLC monitoring). The analytically pure coupling
product 4 wasisolated in 98% yield after chromatography
(Table 1, entry 1). The high efficiency of thevinyl ® (entry
2) as well as the alyl coupling (entry 6) was preserved
when the amount of catalyst was lowered to 5 mol%. Fur-
ther reduction to 1 mol% lowered the yield to 18% (entry
3). However, no reaction occurred at ambient temperature
(entry 4). It should be pointed out that only one of the two
alkenyl groups at auminium can be efficiently trans-
ferred, as entries 5 and 7 indicate. This fact has already
been observed in the transfer of the alkyl group from di-
methylmetal reagents of group 13 elements.5®

After optimizing the reaction conditionsfor the cross-cou-
pling, we turned our attention to awider field of substrates
(Table 2). In the case of bromo- (6) and iodobenzene (7)
similar high yields of styrene (8) (Table 2, entry 1 and 2)
were obtained. When 1,2-dibromo-benzene (9) was treat-
ed with 1 under the reaction conditions reported above,
the expected product 1,2-divinylbenzene (10) was ob-
tained in 35% vyield only (Table 2, entry 3). However,
when the amount of catalyst was increased to 10 mol%
and the amount of vinyl reagent to 3 equivalents, 10 could
be isolated in a 65% yield (Table 2, entry 4). In asimilar
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Tablel Pd-Catalyzed Cross-Coupling of a-Bromonaphthalene (3)
using Aluminium Reagents 1 and 2 according to Scheme 1

Entry Cat. T Reagent Conv.2  Yield®
amount (°C) (equiv) (%) (%)
(mol%)

1 10 60 1(1) 100 98

2 5 60 1(1) 100 98

3 1 60 1(1) 20 18

4 5 rt. 1(1) - -

5 5 60 1(0.5) 78 76

6 5 60 2(1) 100 97

7 5 60 2(0.5) 60 56

@ Conversion based on recovered starting material.
b |solated yields after column chromatography.

manner the cross-coupling product 12 of 4-bromo-1,2-
dimethoxy-benzene (11) was isolated in 59% vyield
(Table 2, entry 5). The reaction of 4-bromoaniline (13)
with 1 failed and the expected product could only be
found in trace amounts (Table 2, entry 6). Probably, the
amino function of 13 is capable of coordinating or even
reacting with the duminium center and thus preventing

the vinyl transfer. The o- and p-bromobenzoates (14 and
16) reacted rather smoothly with 1 to the corresponding
coupling products 2- (15) (Table 2, entry 7) and 4-vinyl-
bromobenzoic acid methyl ester (17) (Table 2, entry 8),
when the amount of Pd-catalyst was increased to 10
mol%. The desired coupling products could beisolated in
85% and 72% yield.

Thisrather simple and reliable procedure was then applied
for the cross-coupling of alylalane 2 (Table 2, entries 9—
13). The dlylcoupling product 18 of bromobenzene (6)
(Table 2, entry 9) was isolated in ahigh yield of 93%. In
analogy to the vinyl coupling of 1,2-dibromobenzene (9),
10 mol% of Pd-catalyst and 3 equivalents of aluminium
reagent 2 were needed to achieve a high yield (95%) of
1,2-diallylbenzene (19) (Table 2, entry 10). In contrast to
1 the allylcoupling of 4-bromo-1,2-dimethoxybenzene
(11) resulted in an astonishingly efficient formation of 4-
alyl-1,2-dimethoxybenzene (20) in an isolated yield of
99% (Table 2, entry 11). Using 10 mol% of the catalyst
for the coupling of the bromobenzoates 14 and 16 the de-
sired products 2- (21) and 4-alyl-benzoate (22) were iso-
lated in a yield of 72% (Table?2, entry 12) and 59%
(Table 2, entry 13), respectively. Finaly it is noteworthy
to mention that the allylarenes do not undergo any palla-
dium-catalyzed isomerization.

Table2 PdCl,(PPh;), Catalyzed Cross-Coupling of Various Substrates Using Vinylalane 1 or Allylalane 2 According to Scheme 1

Product Conv.2 (%) Yield® (%)

Entry Substrate Cat. amount (mol%) Reagent (equiv)
1 : Br 5 1(1)
6
2 : ,| 5 1(1)
7
3 : Br 5 1(2)
Br
9
4 9 10 1(3)
5 / 5 1(1)
O_
1
6 : NH, 5 1(3)
Br
13
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Table2 PdCl,(PPhs), Catalyzed Cross-Coupling of Various Substrates Using Vinylalane 1 or Allylalane 2 According to Scheme 1 (continued)

Entry Substrate Cat. amount (mol%) Reagent (equiv) Product Conv.2 (%) Yield® (%)
7 e} 10 1(1) o 92 85
Br &
14 15
8 0 10 1(1) o) 75 72
/©)ko/ v©)ko/
Br X
16 17
9 6 5 2(1) m 100 93
18
10 9 10 203 Z 100 95
C C\
19
11 11 5 2(1) / 100 99
O
Q :\<O_
20
12 14 10 2(1) 0 73 72
CLY,
X
21
13 16 10 2(1) 70 59

% O
o
\

aConversion based on recovered starting material.
b |solated yields after column chromatography.

Due to the positive results® of our work on palladium-cat-
alyzed cross-coupling reactions of chloroarene-Cr(CO),
complexes with intramolecularly stabilized organoindium
and -aluminium reagents, we were interested to see
whether the vinyl reagent 1 could be employed in an anal-
ogous way in order to establish another entry® to the
synthetically important!* class of styrene-Cr(CO), deriva-
tives. Accordingly, a selection of mono- and bis-chloro-
arene-Cr(CO); complexes (23-27, Schemes2 and 3,
Table 3) was reacted with 1 under standard reaction con-
ditions.*? The substrates (Tables 3 and 4) were chosen in
order to address the genera question of feasibility (23 +
24), selectivity (25 + 26) and tolerance of the vinylation
reaction towards an ester functionality. Moreover, meso-

compounds 25 and 26 represent prochiral structures and
selective substitution of one enantiotopic chlorine for
vinyl leads to planar-chiral complexes. Accordingly, the
general possibility of enantioselective desymmetrization
via vinylation employing a chiral catalyst (35) was to be
elucidated. The results of the various experiments are
shown in Tables 3 and 4.

Cl
| A 1 =2 | X
—_—
(F cat. PdCly(PPhg)s, =
(CO)4Cr THF, 40 °C, 3h (CO)sCr
23 28
Scheme 2
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Table3 PdCI,(PPhs), Catalyzed Cross-Coupling of Various Chloroarene-Cr(CO); Complexes Using Vinylalane 1 (T = 40 °C)
Entry Substrate Equiv of 1 Cat. amount Time Product Yield (%)
(mol %) (min)
1 23 1 5 180 28 95%
2 cl | X 1 5 180 9z | X 922
& Zen
(CO)sCr crte (CO)sCr 3
24 29
3 CHj 1 5 60 CHs CHs -
cl Cl
\@/ = | N CI+ /\@/\
/ = /\ — / =
(CO)sCr (CO)sCr (CO)sCr
26 32 33°
4 26 2 5 180 33 922
5 CHj 1 5 180 CHs 7302
Cl | - C02CHs = | N C02CHs
ot /&
(CO)sCr (CO)sCr
27 34

a After recrystallization.
b After column chromatography.

¢ An inseparable mixture of 26, 32 and 33 was obtained. The relative composition was determined by means of NMR as 26:32:33 = 10:40:78.

cl cl 7
c e 1 | N L7 A
|/ ) THF, cat. PdCI,(PPhy), / P |/ _
t.
(CO)sCr orea (CO)sCr (CO)sCr
25 /N 30 31
Fe ~p—pdcl,
<<b>Ph2
35
Scheme 3

First of all, the coupling experiments conducted with the
monaochloroarene-Cr(CO),; complexes 23 and 24 show the
high efficiency of the vinylation reaction as high yields

(95% for 28 and 92% for 29,4 Table 3) of the corre-
sponding styrene complexes were obtained. Moreover, a
lower reaction temperature of 40 °C and adistinctly short-
er reaction time (3 h) were sufficient compared to the ex-
periments carried out with the uncomplexed haloarenes
(i.e. Table 2, entries 1 and 2). This result again demon-
strates the power of the Cr(CO), fragment to facilitate or
even enable palladium catalyzed cross coupling reactions
on chloroarenes.'®

In order to test for a selective monovinylation, complexes
25 and 26 were employed in the reaction. The results of
these experiments were rather disappointing, as on varia-
tion of the reaction time and catalyst amount in the case of
complex 25 a 63:37 ratio of the mono- and bis-vinylated

Table4 Pd-Catalyzed Cross-Coupling of Complex 25 Using Vinylaane 1 (T = 40 °C, 1 equiv 1)

Entry Catalyst Cat. amount (mol%)  Time (min) Couplingyield? (%)  Molar ratio 30%31*  ee%®

1 PdCl,(PPh,), 5 180 87 0:100 -

2 PdCl,(PPh,), 1 180 34 61:39 -

3 PACI,(PPhs), 2 180 85 16:84 -

4 PdCl,(PPh,), 2 60 55 63:37 -

5 35 2 150 82 46:54 16 (1R,29)

2Yields of isolated compounds after column chromatography.

b Determination of ee% was conducted via HPLC: Chiralcel OD-H, n-hexane/i-PrOH = 90/10, Volume = 1 mL/min, A = 254 nm, r.t.; R{(1R,

29-30] = 12.1 min; R[(1S, 2R)-30] = 16.4 min.*
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products (30 and 31, respectively) could not be sur-
passed (Table 4, entries 1-4). Additionally, the total cou-
pling yield for the most selective case is rather poor
(Table 4, entry 4). The selectivity of the vinylation of 26
(Table 3, entry 3) is even worse as it displays a 1.2 ratio
of the mono- and bis-vinylated product (328 and 33,%° re-
spectively). Moreover, it was not possible to separate the
obtained mixture of 26, 32 and 33 by means of flash chro-
matography nor HPLC. Nevertheless, the reaction of 26
with two equivalents of the vinylalane 1 under the proven
reaction conditions afforded 92% of the bis-vinylated
product 33 (Table 3, entry 4).

The tested desymmetrization of compound 25 employing
the chiral catalyst 35 furnished the monovinylated com-
plex 30 with poor selectivity (Table 4, entry 5) and small
enantiosel ectivity (16% ee of the (1R,29)-enantiomer).

Finally, the reaction of the ester complex 27 afforded the
vinylated trifunctional compound 34% in satisfying yield.

In summary, we have demonstrated that the intramol ecu-
larly stabilized vinyl- and alylaluminium compounds 1
and 2 are highly useful reagents for Pd-catalyzed cross-
alkenylation of bromo- and iodoarenes as well as chloro-
arene-Cr(CO); complexes. The developed procedure is
characterized by high yields of products and operational
simplicity.
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Typical experimenta procedure: n®-(Vinylbenzene)-
tricar bonylchromium(0) (28). n8-(Chlorobenzene)tricar-
bonylchromium(0)(23) (124.3 mg, 0.5 mmol), vinylalane 1
(84.6 mg, 0.5 mmol) and PdCl,(PPh;), (17.6 mg, 0.025
mmol) were placed under Ar in aflame dried Schlenk flask
equipped with areflux condenser. Deoxygenated anhydrous
THF (5.0 mL) was added via a syringe and the reaction
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17.5Hz, -CH=CH,), 5.16 (d, 1 H, J = 17.5 Hz,

~C=CHHy 0, 4.84 (d, 1H, J= 10.9 Hz, -CH=CHH), 4.77
(d, 2H,J=6.3Hz, H,y),4.36 (d, 2H, J=6.3Hz). *CNMR
(CeDs, 63 MH2): § = 233.5 (CO), 133.4 (-CH=CH.,), 114.9
(-CH=CH,), 108.0, 102.7 (C,), 925, 91.9 (Cyy), 19.9 (Ar—

CHy). Mp 80 °C.
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(30). 'H NMR (CDCl;, 250 MHZ): § =6.75 (dd, 1 H, J =

10.9, 17.4 Hz, -CH=CH,), 5.72(d, 1 H, J = 17.4 Hz,

~C=CHHy4,), 5.72(dd, 1 H, Hy), 5.49 (dd, 1 H, H,y), 5.43
(d, 1H, J=10.9 Hz, -CH=CHH), 5.39-5.34 (m, 1 H,
Hay1), 5.16-5.10 (M, 1H, H,yy). *C NMR (CDCl, 63 MH2):
§ = 231.5 (CO), 130.5 (-CH=CH,), 117.9 (-CH=CH,),
102.6(C,), 91.8, 91.6 (Cay), 902 (C,), 89.4, 8.8 (Cory). Mp

73°C.

(17) n°-(1,2-Divinylbenzene)tricar bonylchromium(0) (31). *H
NMR (CDCl;, 250 MHz) § = 6.62 (dd, 2 H, J=10.9, 17.3
Hz, -CH=CH,), 5.64 (d, 2 H, J = 17.3 Hz, -CH=CHH, 5,0,

5.54-5.49 (M, 2 H, H,y), 5.41 (d, 2 H, J = 10.9 Hz,
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(18)

(19)

(20)

(21)

—CH=CHH), 5.37-5.34 (m, 2 H, H,y;). *C NMR (CDCl,,
63 MHz) 5 =232.8 (CO), 131.7 (-CH=CH,), 188.8
(-CH=CH,), 105.1(C,), 91.6, 90.2 (C,y;). Mp 85 °C.
1°%-(1-Chloro-2-methyl-3-vinylbenzene)tricar bonyl-
chromium(0) (32). *H NMR (CzDg, 300 MHZz) & = 6.12 (dd,
1H,J=110,17.2 Hz, -CH=CH,), 5.07 (d, 1 H, J = 17.2,
—CH=CHHya), 4.92 (d, 1 H, J = 11.0 Hz, -CH=CH4H),
4.81(m, 1H, H,y), 450(m, 1H, Hyy), 4.34 (M, 1H, Hyy),
1.84 (s, 1 H, Ar-CHy). 8C NMR (C¢Dg, 75 MHz) § =232.5
(CO), 132.2 (-CH=CH,), 119.0 (-CH=CH,), 112.7, 106.0,
104.1(Cy), 91.9, 90.5, 88.1 (C,), 1.84 (Ar—CHy,). (Shifts
were taken from crude product NMR).
n%-(1-Methyl-2,6-divinylbenzene)tricar bonyl-
chromium(0) (33). *H NMR (C¢Dg, 250 MHz) § = 6.20 (dd,
2H,J=10.9,17.1Hz,—-CH=CH,),5.16 (d, 2H, J=17.1 Hz,
—CH=CHHy5g), 4.96-4.91 (m, 4 H, H,,, -CH=CHH),
451(t, 1H,J=6.6 Hz), 1.70 (s, 3H, Ar-CH,). 3C NMR
(CsDg, 63 MHz) 8 = 233.6 (CO), 132.8 (-CH=CH,), 118.1
(-CH=CH,), 105.7, 105.5 (C,), 91.1, 90.0 (C4y), 14.8 (Ar—
CH,). Mp 85 °C.

1°%-(2-M ethyl-3-vinyl-methylbenzoate)tricar bonyl-
chromium(0) (34) *H NMR (C¢Dg, 250 MHz) § = 6.10 (dd,
1H,J=10.7,17.1Hz,—CH=CH,), 5.62(dd, 1H,J=1.2,6.6
Hz, H,,), 5.11 (dd, 1 H, J=0.8, 17.1 Hz, -CH=CHH, ),
5.05 (ddy,, 1H,J=1.2,6.6 Hz, H,y), 4.87 (dd, 1H,J=0.7,
10.7 Hz, -CH=CHgH), 4.27 (yt, 1H, J=6.6 Hz, H,y), 3.30
(s, 3H, OCHy), 2.29 (s, 3H, Ar-CH,). *C NMR (CyDy, 63
MHz) 5 = 231.8 (CO), 166.4 (CO,CH,), 132.3 (-CH=CH,),
118.4 (-CH=CH,), 109.0, 104.6 (C,), 95.8, 93.7 (C,), 92.0
(Cy), 87.3 (Cyay), 52.1 (OCHy), 16.3 (Ar-CH3). Mp 50 °C.
Uemura, M.; Nishimura, H.; Hayashi, T. J. Organomet.
Chem. 1994, 473, 129.
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