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A variety of aryltin compounds can be employed for carbonylation reactions in the presence of a catalytic amount
of palladium(Il) salt with reoxidant in acetonitrile or acetic acid under an atmospheric pressure of carbon monoxide (CO)
to afford arenecarboxylic acids and diaryl ketones. Similar reactions also proceed by using rhodium(Ill) salt as a catalyst,
where the presence of reoxidant is sometimes not necessary. More than one of two, three, or four aryl groups of aryltin
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compounds, and almost all of them in some cases, can be transferred to the products in this catalytic carbonylation.

Organic transformations using organotin compounds have
been powerful tools for organic synthesis in the last two de-
cades.! Many examples of the conversion of C—Sn bond to C—
C bond have been reported, such as Pd(0)-catalyzed cross cou-
pling reaction with organic halides or acyl halides (the so-
called Stille cross coupling),! Lewis acid-mediated or transi-
tion metal-catalyzed 1,2-addition reaction to carbonyl com-
pounds and imines,”> Heck-type dehydroarylation reaction of
o, B-unsaturated carbonyl compounds,® Michael-type hydro-
arylation reaction of ¢,fB-unsaturated carbonyl compounds,*
organic transformations including radical intermediates,’ and
so on. The carbonylation reactions of organotin compounds
with carbon monoxide (CO) have been investigated for these
three decades including Stille carbonylative cross coupling,'
but there are only very few examples of simple carbonylation
as far as we know.” In these reactions it was so far thought that
at most only one of four organic groups of tetraorganotin com-
pounds can be transferred to the products. However, the inves-
tigation to utilize more than one organic group of organohet-
eroatom compounds for organic reactions is of current interest
from the viewpoint of atom economy.® Actually, it has recently
been disclosed that almost all organic groups can be utilized
for some reactions, including our recent report of Pd-catalyzed
Michael-type hydroarylation reaction using aryltin com-
pounds.*® As one of our series of studies of C—C bond forming
reactions using organoheteroatom (B,’ Sb,'° Bi,!! Sn*!) com-
pounds, we have now examined simple carbonylation reactions
of tetra- to di-aryltins in detail from the viewpoint of atom
economy of aryl groups. As a result, we found that more than
one aryl group, and sometimes almost all of them, were trans-
ferred to the products, arenecarboxylic acids and diaryl ke-
tones, in the presence of either a stoichiometric or a catalytic
amount of Pd(Il) or Rh(I) salt together with a suitable reoxi-
dant in acetonitrile (MeCN) or acetic acid (AcOH). We report
here the details of results of this carbonylation.

Results and Discussion

Pd(II)-Mediated and -Catalyzed Carbonylation of Aryl-

tin Compounds in MeCN. At first, we carried out the reac-
tion of tetraphenyltin (Ph,Sn) with an atmospheric pressure of
CO in the presence of a stoichiometric amount of Pd(Il) salt in
order to confirm whether more than one of the four phenyl
groups could be transferred to the products. Thus, a mixture of
Ph4Sn (0.5 mmol), PdCI, (0.5 mmol), and LiCl (4 mmol) was
stirred in MeCN (5 mL) under CO (1 atm, 1 atm = 1.01325 X
10° Pa) at 25 °C for 20 h. The reason for the addition of LiCl
was to accelerate the carbonylation, as in the case of Michael-
type hydroarylation reaction.**!?> As a result, benzophenone
was mainly obtained together with benzoic acid and a small
amount of biphenyl as organic products, but only one of the
four phenyl groups was transferred to the products (Eq. 1; Ta-
ble 1, Entry 1).

Pd salt

Ph,Sn—c5———— PhCO,H + PhCOPh + Ph—Ph (1)

25°C,20h
As the stoichiometry for the formation of benzophenone and
benzoic acid (benzoyl chloride is a precursor which is hydro-
lyzed to the acid by the work-up procedure) can be described
as Eq. 2 and 3, respectively, it was thought that proper amounts
of PdCl, to transfer all phenyl groups to the products are four-
fold molar ones of Ph,Sn.

Table 1. Carbonylation of PhsSn in Presence of Stoichio-
metric Amount of Pd Salt in MeCN*
Entry Pd salt Additive Isolated yield/%"
mmol mmol PhCO,H PhCOPh  Ph-Ph

1 PdC1,(0.5) LiCl(4) 7 22 6

2 PdCL,(2) LiCl(4) 10 73 0

3 PdCl,(2) LiCl(8) 11 81 0

4 Na,PdCl4(0.5) — 7 17 4

*CO (1 atm) and MeCN (5 mL) were used.

a) Based on PhySn employed (0.5 mmol): 2 mmol of
PhCO,H, 1 mmol of PhCOPh, and 1 mmol of Ph—Ph corre-
spond to 100% yield, respectively.
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Table 2. Pd(Il)-Catalyzed Carbonylation of Aryltin Compounds in MeCN*

Entry Ar,SnCly—p, PdCl, Reoxidant Isolated yield/%"‘)
mmol mmol mmol ArCO,H ArCOAr Ar-Ar
1 Ph,Sn(0.5) 0.1 —» 4 1 2
2 Ph,Sn(0.5) 0.1 CuCl,(4)® 30 1 7
3 Ph,Sn(0.5) 0.1 CuCly(4) 57 <1 <1
4 Ph,Sn(0.5) 0.02 CuCl,(4) 23 24 0
5 Ph,Sn(0.5) 0.1 CuSO4(4)? 23 40 6
6 Ph,Sn(0.5) 0.1 CAN(2) 58 <1 <1
7 (p-CH3CgHy)4Sn(0.5) 0.1 CuCl,(4) 66 <1 <1
8 (p-CH30C¢H,)4Sn(0.5) 0.1 CuCl,(4) 439 <1 5
9 (p-CIC¢H,)4Sn(0.5) 0.1 CuCly(4) 66 5 3
10 Ph;3SnCl1(0.67) 0.1 CuCl,(4) 84 5 4
11 Ph,SnCl,(1.0) 0.1 CuCl,(4) 85 1 3
12 PhSnCl;3(2.0) 0.1 CuCl,(4) 86 2 2

*CO (1 atm) and MeCN (5 mL) were used.

a) Based on Ar,SnCl,_, employed (2 mmol as Ar group): 2 mmol of ArCO,H, 1 mmol of
ArCOAr, and 1mmol of Ar-Ar correspond to 100% yield, respectively. b) LiCl (4 mmol) was
added. ¢) C¢HsOCH;3(24% GLC yield) was also obtained.

Ph,Sn + 2PdCl, + 2CO — 2PhCOPh + SnCl,+2Pd  (2)
Ph,Sn + 4PdCl, + 4CO — 4PhCOCI + SnCly+4Pd  (3)

Then, PhySn (0.5 mmol) was treated with CO in the pres-
ence of four-fold molar amounts of PdCl, (2.0 mmol; equimo-
lar amounts to C—Sn bonds) and LiCl (4—-8 mmol). The prod-
ucts were again benzophenone and benzoic acid together with
a precipitation of palladium black, and in this case almost all
phenyl groups were transferred to the products as expected
(Table 1, Entries 2 and 3). This result shows that four phenyl
groups of PhySn can be utilized for the carbonylation reaction
under an atmospheric pressure of CO. The stoichiometric re-
action using Na,PdCl, instead of PdCl, and LiCl gave similar
results (Table 1, Entries 4 and 5).

We next investigated the carbonylation of various aryltin
compounds using a catalytic amount of Pd(Il) salt together
with a variety of reoxidants, such as CuCl,, CuSO,, Cu(OAc),,
NaBrOs;, Na,S,04, p-benzoquinone (C¢H40,), CANI[Ce-
(NHy4)2(NO3)6], AgOAc, HyO,, 1, and air, by considering reox-
idation of Pd(0) to Pd(Il) (Eq. 4).

cat. PdCl,, Reoxidant

Ar,,SnCl(ZH,) W) ArCOzH + ArCOAr + Ar — Ar
“

25°C,20h

Thus, PhySn (0.5 mmol) was treated with CO (1 atm) in the
presence of PdCl, (0.02-0.1 mmol) and one of these reoxi-
dants with or without LiCl in MeCN (5 mL) at 25 °C for 20 h.
As a result, the system using PdCl, and CuCl, (4 mmol, 8 mo-
lar equivalents to PhySn) without LiCl was revealed to be most
efficient; between two and three out of the four phenyl groups
of PhySn were transferred to the products, as shown in Table 2,
Entries 1-3. The amount of PdCl, could be lowered to 0.02
mmol (0.04 molar amount to PhySn, and 0.01 molar amount to
each C-Sn bond) where almost two out of the four phenyl
groups were transferred to the products (Table 2, Entry 4). The
reoxidants CuSO, and CAN were also effective, but other re-

oxidants were ineffective (Table 2, Entries 5 and 6). The Pd(0)
compound [Pd,(dba);] did not work as a catalyst.

In a similar treatment of other tetraaryltin compounds
(Ar,Sn) such as (p-CH3CgHy)4Sn, (p-CH30C¢H,4)4Sn, and (p-
CIC¢H4)4Sn in PdCl,/CuCl, system, between two and three
aryl groups out of the four aryl groups of Ar,Sn could also be
transferred to the products (Table 2, Entries 7-9). The maxi-
mum turnover number to palladium in these carbonylations
was 13.7 (1.32 mmol of arenecarboxylic acid and 0.05 mmol
of diaryl ketone were obtained using 0.1 mmol of PdCl,; Table
2, Entry 9).

Carbonylation could also be applied to phenyltin chlorides
such as Ph;SnCl, Ph,SnCl,, and PhSnCl;. Thus, treatment of
Ph,SnCl4—,)[2 mmol as phenyl group(s); i.e. 0.67 mmol of
Ph3SnCl, 1 mmol of Ph,SnCl,, and 2 mmol of PhSnCls, re-
spectively] with CO (1 atm) in the presence of PdClL, (0.1
mmol) and CuCl, (4 mmol) as the reoxidant in MeCN (5 mL)
at 25 °C for 20 h afforded almost exclusively benzoic acid,
where slightly fewer than all phenyl groups were utilized in all
cases (Table 2, Entries 10-12), the turnover number to palladi-
um in these cases being more than 17.

Rh(Ill)-Mediated and -Catalyzed Carbonylation of Aryl-
tin Compounds in MeCN. Similar carbonylation was next
carried out using Rh(Ill) salt in place of Pd(I) salt. When
Ph,Sn (0.5 mmol) was treated with CO (1 atm) in MeCN (5
mL) in the presence of a stoichiometric amount of
RhCl5+3H,0 (0.5 mmol), benzophenone was mainly produced
together with benzoic acid and biphenyl (Eq. 5).

Rh salt

Ar,,SnCl(4,,,) W) AI‘COQH + ArCOAr + Ar — Ar
&)

25°C,20h

Here, three fourths of the four phenyl groups were tran-
ferred to the products as shown in Table 3, Entry 1. Interest-
ingly, the product yield (1.17 mmol of carbonylated products)
is higher than 100% based on the amount of Rh(Ill) chloride
used, showing that the Rh(Ill) salt itself worked as a catalyst
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Table 3. Rh(Il)-Catalyzed Carbonylation of Aryltin Compounds in MeCN*

Entry Ar,SnCly—p, Rh species Isolated yield/%”
mmol mmol ArCO,H ArCOAr Ar-Ar
1 Ph,Sn(0.5) RhCl5:3H,0(0.5) 21 75 <1
2 Ph,Sn(0.5) RhCl3:3H,0(0.1) 13 29 <1
3 Ph;SnCl1(0.67) RhCl;-3H,0(0.5) 10 64 4
4 Ph,SnCl,(1.0) RhCl;-3H,0(0.5) 16 38 9
5 (p-CH;3C4H,),Sn(0.5)”  RhCl;+3H,0(0.5) 14 41 3
6 (p-CICsH4)4Sn(0.5) RhCl;-3H,0(0.5) 4 57 7
7 Ph,Sn(0.5) [RhCI(CO),],(0.05) 9 10 <1

*CO (1 atm) and MeCN (5 mL) were used.

a) Based on Ar,SnCl—,, employed (2 mmol as Ar group): 2 mmol of ArCO,H, 1 mmol of
ArCOAr, and 1 mmol of Ar—Ar correspond to 100% yield, respectively. b) MeCN (20 ml) was

used.

without the addition of reoxidant.” Similarly, by use of 0.1
mmol of RhCl;-3H,0, 0.55 mmol of carbonylated compounds
were produced (Table 3, Entry 2). Different from the Pd(Il)
cases, the addition of oxidant such as CuCl, or Na,S,0g almost
stopped the reaction. Results of carbonylation of several aryl-
tin compounds are also shown in Table 3 (Entries 3-6), where
a half and three fourths of two and three aryl groups were
transferred, respectively, to the products. It is worth noting
that Rh(I) salt such as rhodium(I) chlorocarbonyl complex also
worked as a catalyst (Table 3, Entry 7).

Pd(Il)-Catalyzed Carbonylation of Aryltin Compounds
in AcOH. Palladium(I)-catalyzed carbonylation of various
aryltin compounds using a system of PdCl,/CuCl, was next
carried out in AcOH in which a high efficiency of atom trans-
fer has been observed in Pd(Il)-catalyzed Michael-type hy-
droarylation of o,fB-unsaturated carbonyl compounds with
Ph,Sn.*® When Ph,Sn (0.5 mmol) was treated with CO (1 atm)
in the presence of PdCl, (0.1 mmol)/CuCl, (4 mmol) in AcOH
(5 mL) at 25 °C for 20 h, benzoic acid was mainly produced,
together with benzophenone and a trace amount of biphenyl
(Eq. 6; Table 4, Entry 1) where about three out of four phenyl
groups were transferred to the products.

cat. PdCl,, CuCl,

Yy ———————————> -
éﬁ,glnlYﬁ <,,£ O (Lo AsOH ArCO,H + ArCOAr + Ar — Ar
(Y ZEel=n= ) 25°C,20h

6

Other reoxidants such as CuCl,-2H,0, CuSO,, and CAN
could also be used, but they were less effective. Carbonylation
could be applied to various tetraaryltins (Table 4, Entries 3-5)
as well as phenyltin compounds (Table 4, Entries 6—8) with a
good atom economy of aryl groups in all cases except the case
of tetrakis(p-methoxyphenyl)tin (Table 4, Entry 4) where ani-
sole, a protodestannylation compound,'® was the major prod-
uct. In the cases of aryltributyltins, the corresponding diaryl
ketone became the main product (Table 4, Entries 9-12). The
maximum turnover number to palladium was 14.1 (1.30 mmol
of arenecarboxylic acid and 0.11 mmol of diaryl ketone were
obtained using 0.1 mmol of PdCl,; Table 4, Entry 1).

Rh(Il)-Catalyzed Carbonylation of Aryltin Compounds
in AcOH. As described above, RhCl;-3H,0 itself worked as
a catalyst without any reoxidant in the carbonylation reaction
of PhySn in MeCN; the addition of reoxidant decreased the

Table 4. Pd(II)-Catalyzed Carbonylation of Aryltin
Compounds in AcOH™*

Aryltins Isolated yield/%"
Entry
mmol ArCO,H ArCOAr Ar-Ar
1 PhsSn(0.5) 65 11 <1
2 Ph,Sn(0.5)” 20 17 1
3 (p-CH;3C6H4)4Sn(0.5) 56 6 <1
4 (p-CH30C¢H,4)4Sn(0.5) 39 7 <1
5 (p-CIC6H4)4Sn(0.5) 36 39 <1
6 Ph;SnCl(0.67) 54 31 3
7 Ph,SnCl,(1.0) 62 16 5
8 PhSnCl5(2.0) 31 2 2
9 PhSnBu;(2.0) 3 539 5
10 p-CH;C¢H4SnBu;(2.0) <1 479 3
11 p-CH;0C¢H4SnBu;(2.0) 0 219 —b
12 p-CIC¢H,;SnBu;(2.0) 2 459 4

*PdCL, (0.1 mmol), CuClL (4 mmol), CO (1 atm) and
AcOH (5 mL) were used.

a) Based on aryltin compound employed (2 mmol as Ar
group): 2 mmol of ArCO,H, 1 mmol of ArCOAr, and 1
mmol of Ar—Ar correspond to 100% yield, respectively. b)
CuCl, 2 mmol. c) C¢HsOCH; (42% GLC yield) was also
formed. d) A small amount of chlorinated arene (ArCl) was
also formed. e) C¢HsOCH; (63% GLC yield) and p-
CH;0C¢H4Cl (8% GLC yield) were also formed. f) Not
determined.

product yield. In AcOH as solvent, however, we found that
several reoxidants worked well in rhodium(Ill)-catalyzed car-
bonylation (Eq. 7).

cat. Rh salt, Reoxidant
AI',,SI’IC](47,,) m} ArCOzH + ArCOAr + Ar — Ar
25°C,20h
(N

The carbonylation of Ph,Sn in the presence of RhCl;-3H,0
(0.1 mmol) afforded mainly benzoic acid (22%, 0.44 mmol)
together with benzophenone (8%, 0.08 mmol) and a small
amount of biphenyl (1%, 0.01 mmol) (Table 5, Entry 1). Here,
it was also shown that the total amounts of these products were
larger than the amount of RhCl;-3H,0O employed, and that
slightly more than one of four phenyl groups could be utilized
for the carbonylation reaction. Addition of reoxidants such as
Cu(OAc), and AgOAc increased the product yield, as shown in
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Table 5. Rh(Il)-Catalyzed Carbonylation of Aryltin Compounds in AcOH*

Entry Ar,SnCly_,, Rh species? Reoxidant Isolated yield/%"
mmol mmol mmol ArCO,H ArCOAr Ar-Ar
1 Ph,Sn(0.5) RhCl;3-3H,0(0.1) — 22 8 1
2 Ph4Sn(0.5) RhCl;3-3H,0(0.1) Cu(OAc),(2) 75 2 <1
3 Ph4Sn(0.5) RhCl;3-3H,0(0.1) CuS04(4) 33 2 <1
4 Ph4Sn(0.5) RhCl;3-3H,0(0.1) CuCl,(4) <1 <1 <1
5 Ph,Sn(0.5) RhCLy3H,000.1)  AgOAc(4) 43 <1 <1
6 Ph,Sn(0.5) “Rh30(0.034) — 20 1 7
7 Ph,Sn(0.5) “Rhy07(0.034) Cu(OAC),(4) 71 1 <1
8 Ph;SnClI(0.67) RhCl;3-3H,0(0.1) Cu(OAc),(2) 41 3 6
9 Ph,SnCly(1.0) RhCL-3H,0(0.1)  Cu(OAc)(2) 0 <1 <1
10 Ph3SnCI(0.67) “Rh307°(0.034) Cu(OAc),(4) 41 4 6
1 Ph,SnCly(1.0) “Rhy07(0.034) Cu(OAC)(4) 16 <1 4
12 (p-CH3C6Hy)4Sn(0.5) “Rh30(0.034) Cu(OAc),(4) 68 1 1
13 (p-CH3;0C¢H,4)4Sn(0.5) “Rh30°(0.034) Cu(OAc),(4) 279 1 4
14 (p-CIC¢H4)4Sn(0.5) “Rh30°(0.034) Cu(OAc),(4) 57 2 3
15 PhSnBu3(2.0) “Rh30(0.034) Cu(OAc),(4) 12 <1 <1

*CO (1 atm) and AcOH (5 mL) were used.

a) “Rh;0” = [Rh30(0Ac)¢(H,0);]OAc. b) Based on Ar,SnCl,-,, employed (2 mmol as Ar group): 2 mmol of
ArCO,H, 1 mmol of ArCOAr, and 1 mmol of Ar—Ar correspond to 100% yield, respectively. c) CcHsOCH3(26%

GLC yield) was also formed.

Table 5, Entries 2 and 5, respectively. In this case, however,
CuCl, stopped the reaction (Table 5, Entry 4), probably be-
cause this carbonylation disfavors the presence of excess chlo-
ride anions as the addition of LiCl also stopped the reaction
completely. As one chloride-free rhodium(IIl) salt, we noticed
oxo-centered trinuclear rhodium(Ill) acetate {[Rh3;O(OAc)e-
(H,0)3]0Ac}'* which was actually effective as a catalyst (Ta-
ble 5, Entries 6 and 7). Carbonylation of other tetraaryltins
than Ph,Sn in the presence of RhCl;-3H,0 almost failed, while
the Rh(Ill) acetate was shown to be effective (Table 5, Entries
12-14). Results of the application to various aryltin com-
pounds using this acetate are shown in Table 5. The maximum
turnover number to rhodium was 15.2 (1.50 mmol of benzoic
acid and 0.02 mmol of benzophenone were obtained; Table 5,
Entry 2). The characteristic feature in Rh(Ill)-catalyzed carbo-
nylation is that arenecarboxylic acid is almost the sole product,
in contrast to similar reactions in MeCN where diaryl ketone is
the major product.

Plausible Reaction Scheme. We propose the reaction
pathway for this catalytic carbonylation reaction as shown in
Scheme 1. The transmetallation of Sn(IV) moiety of aryl-
tin(IV) compounds by palladium(Il) salt [A: X = Cl or OAc]
occurs to give an Ar—Pd-X species (B), to which CO coordi-
nates to afford a metal carbonyl species (C). Then, this carbo-
nyl species gives an acylpalladium(Il) species (D) to which the
other organotin(IV) compound attacks to afford an acylarylpal-
ladium species (E), which gives diaryl ketone and Pd(0) spe-
cies by reductive elimination. Palladium(0) is oxidized by the
oxidant such as Cu(Il) salt to regenerate the species A. Reduc-
tive elimination from the species D might give acyl chloride
(in MeCN) or unsymmetrical acid anhydride (in AcOH) (ab-
breviated to ArCOX), followed by aqueous work-up to give
arenecarboxylic acid: this expectation is based on the forma-
tion of arenecarboxamide when NH,Cl was added under in-
complete hydrolysis (see Experimental). The second transmet-
allation of Sn(IV) moiety of aryltin(IV) compounds by the spe-

Cu(l) ArSnR;
Cu(ll

" X-Pd-X XSnRg

(A)

Pd(0) AN Ar-Pd-X
(B)
ArCOA| Ar—FI’:d—Ar ArSnRj co

(F) XSnR,

ArCO-Pd-Ar
(E)

ArCCiiO/ ()
XthArCO—Pd—X

AsnR, P

Scheme 1. Plausible reaction scheme.

cies B occurs to give Ar—Pd(Il)-Ar species (F), reductive elim-
ination from which gives biaryl. A similar reaction pathway
can be considered to occur in Rh(Ill)-catalyzed carbonylation
in AcOH. Partially dearylated aryltins (XSnR3) produced by
the first cycle also enter this catalytic cycle, resulting in the
transfer of more than one aryl group to products.

In the case of carbonylation using Rh(IIl) chloride in MeCN,
a pathway of oxidative addition of aryltin(IV) compounds to
the produced Rh(I) species to generate Ar—Rh(Il[)-SnRj spe-
cies might be considered, though the details are not yet clear.

The formation of a small amount of chlorinated arene (Ar—
X) from the carbonylation of ArSnBu; may be explained by re-
ductive elimination of Pd(0) from the species B.

Experimental

General Procedure. Melting points were determined on a
Yanako MP-J3 micro melting point apparatus and are uncorrected.
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The 'H NMR spectra were recorded with JEOL JNM-AL300.
GLC analyses were carried out with a Shimadzu GC-14A with
flame ionization detectors equipped with an OV-17 (7 mm¢ X 2
m) column using nitrogen as carrier gas. The GLC yields were
determined using chlorobenzene (PhCI) as an internal standard.
The isolation of a pure product was carried out with column chro-
matography on SiO, (Merck 60, 230—400 mesh, Merck KGaA.).

Materials. Solvents except AcOH were freshly distilled un-
der N, prior to use: THF was distilled from sodium diphenylketyl;
CgHg was distilled from calcium hydride; MeCN was distilled
twice under ambient pressure, first from phosphorus pentaoxide
and next from calcium hydride. Tetraaryltins such as (p-
CH3C(,H4)4SH, (p—CH3OC6H4)4Sn, and (p-ClC(,H4)4SI'1 were pre-
pared from the corresponding Grignard reagents and SnCly (as
C¢H, solution) in THF, followed by recrystallization."® Aryltribu-
tyltins such as PhSnBuj, p-CH;C¢HySnBu;, p-CH;0C¢H,SnBus,
and p-CIC¢H,SnBu; were prepared from phenylmagnesium bro-
mide and Bu;SnCl in THF, followed by distillation under reduced
pressure.'® The compound [Rh3;0(OAc)s(H,0);]OAc was pre-
pared by the literature method from RhCl;:3H,0 and AgOAc in
aqueous AcOH.'* The authentic samples (for characterization us-
ing '"H NMR) such as (p-CH;C¢Hy),, (p-CH30C6Hy),, and (p-
CIC¢H,), were synthesized by the reaction of the corresponding
Grignard reagent with aryl bromide or iodide in the presence of
[Pd(PPh3)4]. Other organic and inorganic reagents including prod-
ucts biaryls, diaryl ketones, and arenecarboxylic acids were com-
mercial products and were used without further purification.

Tetra(p-tolyltin. [(p-CH;C¢H4),Sn]: Recrystallized from
benzene—ethyl acetate, mp 242-242.5 °C (lit. 238 °C"¢); 'H NMR
(CDCl3) 62.35 (s, 12H), 7.18-7.21 (d, J = 7.9 Hz, 8H), 7.45-7.49
(d,J =7.7Hz, 8H).

Tetrakis(p-methoxyphenyl)tin. [(p-CH;0C¢H,4),Sn]: Re-
crystallized from ethyl acetate, mp 135.5-136.5 °C (lit. 134.8
°C"); 'H NMR (CDCl3) & 3.81 (s, 12H), 6.93-6.98 (d, J = 8.6
Hz, 8H), 7.47-7.51 (d, J = 8.4 Hz, 8H).

Tetrakis(p-chlorophenyl)tin. [(p-CIC¢Hy)4Sn]:  Recrystal-
lized from benzene—petroleum ether, mp 198-201 °C (lit. 199
°C!5); 'TH NMR (CDCls) §7.36-7.58 (m, 16H).

Tributyl-p-tolyltin. (p-CH;C¢H;SnBu;): Obtained as color-
less oil; '"H NMR (CDCl3) §0.85-0.91 (t, J = 7.1 Hz, 9H), 1.00—
1.05 (t, J = 8.1 Hz, 6H), 1.25-1.40 (sext, J = 7.2 Hz, 6H), 1.45—
1.60 (m, 6H), 2.33 (s, 3H), 7.13-7.17 (d, J = 7.5 Hz, 2H), 7.30-
7.40 (d, J = 7.3 Hz, 2H).

Tributyl-p-methoxyphenyltin. (p-CH;0C¢H,SnBu3):  Ob-
tained as colorless oil; 'H NMR (CDCl;) § 0.84-0.91 (t, J = 7.3
Hz, 9H), 0.99-1.05 (t, J = 7.6 Hz, 6H), 1.26-1.39 (sext, J = 7.2
Hz, 6H), 1.47-1.59 (m, 6H), 3.80 (s, 3H), 6.88-6.92 (d,J = 7.4
Hz, 2H), 7.30-7.40 (d, J = 7.3 Hz, 2H).

Tributyl-p-chlorophenyltin. (p-ClIC¢H,SnBus): Obtained as
colorless oil; 'TH NMR (CDCl3) §0.85-0.91 (t, J = 7.2 Hz, 9H),
1.01-1.08 (t, J = 8.0 Hz, 6H), 1.25-1.38 (sext, J = 7.3 Hz, 6H),
1.46-1.56 (m, 6H), 7.26-7.50 (m, 4H).

4,4-Dimethoxybiphenyl. [(p-CH3;0C¢H,),]: Obtained as
white crystal; 'H NMR (CDCls, recrystallized from THF) § 3.84
(s, 6H), 6.94-6.97 (d, J = 8.8 Hz, 4H), 7.46-7.50 (d, / = 8.8 Hz,
4H).

4,4’-Dichlorobiphenyl. [(p-CIC¢H,),]: Obtained as white
crystal; "H NMR (CDCls, recrystallized from ethanol) §7.35-7.55
(m, 8H).

General Procedure for Palladium(Il)- or Rhodium(IIl)-Cat-
alyzed Carbonylation of Aryltin Compounds. In a two-
necked 30 mL round-bottom flask, equipped with a septum inlet
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and a three-way stopcock, were placed aryltin [0.5-2 mmol, 2
mmol as aryl group(s)], transition metal species (0.02-2 mmol as
the metal) and additive(s). The system was then evacuated and
flushed with CO from a CO-filled balloon connected to the flask
several times; then solvent (5 mL) was injected by a syringe. The
resulting mixture was stirred at 25 °C for 20 h and then the mix-
ture was poured into an aqueous solution of NaOH (10% for the
case of MeCN, 20% for the case of AcOH, 50 mL) and the solu-
tion was stirred for 30-60 min and then filtered through celite.
[When ArSnBu; was used as an aryltin reagent, 30% aqueous so-
Iution of KF (10 mL) was added in order to remove Bu;Sn species
and the mixture was stirred for 1 h prior to the addition of aqueous
NaOH. If H,0,, NaBrOs, or Na,S,0g were present in the reaction
mixture, Na,SO; was also added to aqueous NaOH in order to re-
duce these oxidants. If Cu(Il) salt was present in the reaction mix-
ture, NH,C] was added and the mixture was stirred additionally
for 15-30 min before filtration.] The celite was washed with 10%
aqueous NaOH (50 mL) and diethyl ether (30 mL). The organic
layer of this filtrate was separated from the aqueous layer; then the
aqueous layer was extracted with diethyl ether (25 mL X 4). The
organic layer was washed with saturated aqueous solution of
NaHCOj; (30 mL X 2) and then dried over anhydrous MgSO,. To
the aqueous layer were added sodium chloride and concentrated
hydrochloric acid (50-60 mL). After the mixture was cooled in an
ice bath, the aqueous layer was extracted with diethyl ether (25
mL X 4) and the extract was washed with dilute HCI (ca. 3 mol
dm™3, 30 mL X 3) and brine (30 mL), and then dried over anhy-
drous MgSO,. After removal of the solvent under reduced pres-
sure, the products in the residue were separated by column chro-
matography.
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