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mL) was removed, added to Phe PFSA (0.5 mL), and loaded into
the syringe reactor in which the Leu resin had previously been
thoroughly washed with DMF. After reaction, workup, and hy-
drolysis, the Tyr incorporation was determined to be 28.7%,
compared with the standard PFSA mixture in DMF which gave
26.0% incorporation (average of four determinations).

Procedures Used in BOP Time-Course Studies (Figure
3). A typical series, using 0.5 equiv of BOP, was performed as
follows. Boc-Tyr(Bzl)-OH (74.2 mg, 0.2 mmol) in 0.2 M N-
methylmorpholine in DMF (1 mL) was treated with a solution
of BOP (44.2 mg, 0.1 mmol) in DMF (1 mL). Samples (0.5 mL)
were removed at 1-, 2-, 5-, and 10-min time intervals, mixed with
Phe PFSA (0.5 mL, prepared from Boc-Phe-OH (53 mg, 0.2 mmol)
in DCM (0.5 mL) treated with 0.2 M DIPCDI in DCM (0.5 mL)
for 15 min, evaporated, dried, and dissolved in DMF (2 mL)), and
rapidly added to the reactor. Tyr incorporations were determined
to be as follows: 1 min, 21.3%; 2 min, 23.1%; 5 min, 26.0%; 10
min, 26.1%. Tyr PFSA + Phe PFSA standards gave 25% Tyr
incorporation (average of four determinations). A duplicate series
confirmed the results.
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Substituted aryl halides were hydroxycarbonylated under 50 psi pressure of carbon monoxide in the presence
of various formate salts and a homogeneous palladium catalyst to give aromatic acids in good yields. Selectivity
of formate salts in hydroxycarbonylation reactions depends on the metallic counter-ion and the reaction conditions.
Calcium formate was found to give the highest selectivity for hydroxycarbonylation. A mechanism consisting
of the generation of mixed anhydrides as intermediates is suggested.

Introduction
The preparation of aromatic acids by a catalyzed hy-
droxycarbonylation of aryl halides under low carbon
monoxide pressure, in the presence of a strong inorganic
base such as aqueous sodium hydroxide! or calcium hy-
droxide? (eq 1), has been mentioned in the literature.
ArCO,M + MBr + H,0

catalyst

ArBr + CO + M(OH),,
M = Na, Ca
n=12
1)

Such reactions were homogeneously catalyzed by tran-
sition-metal complexes with the help of either a phase-
transfer catalyst,? photostimulation, or the combination
of both of them.? No aromatic acids were formed under
similar conditions when the strong inorganic base was
replaced by a Bronsted base such as a tertiary amine or
potassium carbonate.?

Since the heating of alkali or alkali earth hydroxides
under carbon monoxide reaches an equilibrium with the
formic acid salt,® we have considered the possibility of

(1) Cassar, L.; Foa, M. J. Organomet. Chem. 19783, 51, 381.

(2) (a) Cassar, L.; Foa, M.; Gardano, A. J. Organomet. Chem. 1976,
121, ¢55. (b) Foa, M.; Francalanci, F.; Bencini, E., Gardano, A. J. Or-
ganomet. Chem. 1985, 285, 293. (c) Brunet, J. J.; Sidot, C.; Caubere, P.
J. Org. Chem. 1988, 48, 1166. (d) Kashimura, T.; Kudo, K.; Mori, S.;
Sugita, N. Chem. Lett. 1986, 299.

(3) (a) Dancy, W. B. In Kirk-Othmer Encyclopedia of Chemical
Technology, 3rd ed.; Wiley-Interscience: New York, 1982; Vol. 18, p 938.
(b) Whaley, T. P. In Comprehensive Inorganic Chemistry; Pergamon
Press: 1973; Vol. 1, p 454.

replacing the aqueous base by a formate salt, serving both
as a base and as an hydroxyl donor. Direct use of formate
would also avoid an excess of alkali hydroxide and enable
reaction at a milder pH and under anhydrous conditions
(eq 2). We report here that under suitable conditions, an

catal
ArBr + MO,CH + C*Q ——2"
ArC*Q,H + MBr + CO (2)

hydroxycarbonylation reaction between aryl halides and
formate salts occurred under 1-3 atm of CO pressure,
giving the corresponding carboxylic acids in fair to good
yields.

Results and Discussion

The catalyzed hydroxycarbonylation reaction is in com-
petition with the reductive formylation by formates* (eq
3). Indeed, it was found that the formylation reaction

path A
ArCHO + MBr + CO2

ArBr + MO2CH + CO (3
ArCO2H + MBr + CO

path B
(path A) is accompanied by the much slower hydroxy-
carbonylation reaction (path B). The reaction of sodium
formate with 4-chlorobromobenzene, in an anhydrous
aprotic dipolar solvent (e.g. DMF) and in the presence of
5 mol % homogeneous palladium catalyst, results in 4-
chlorobenzaldehyde (70%), chlorobenzene (4%), and 4-

(4) (a) Pri-Bar, I.; Buchman, O. J. Org. Chem. 1984, 49, 4009. (b)
Pri-Bar, I.; Buchman, O. J. Org. Chem. 1986, 51, 734,
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Table I. Distribution of Preducts (Formylation vs
Hydroxycarbonylation) in the Reaction of Aromatic
Halides with Various Formate Salts®

products

benzoic

reactn  conv (mol aldehyde? acid®

entry formate condtn® %) (mol %) (mol %)
1 LiO,CH A 96 76 (71 18
2 LiO,CH B 93 29 56
3 NaO,CH A 95 70 (66) 15
4  NaO,CH B 97 28 58
5 KO,CH A 90 64 24
6 KO,CH B 88 10 78

8 Ca(0O,CH), B 96 3 85 (80)
9  Ba(O,CH), A 65 40 35
10  Ba(0,CH), B 93 10 71

2Reactions conditions: 4-chlorobromobenzene (1 mmol), for-
mate salt (1.1 equiv), PdCl, (0.056 mmol), PPh; (0.3 mmol), under
50 psig carbon monoxide (measured at ambient temperature). °-
(A) temperature 100 °C, reaction time 18 h, solvent DMF; (B)
temperature 120 °C, reaction time 20 h, solvent DMF /benzene
(1:1). *Determined from residual aryl halide. Small amounts of
hydrogenolysis products (2-10%) make up to a total of 100%.
4Yields determined by HPLC and GC. ¢GC yields determined as
methyl esters (obtained from the acid by treatment with methyl
iodide). /Isolated yield.

chlorobenzoic acid (18%). The reaction is carried out
under 3 atm of carbon monoxide for 18 h at 100 °C. In
order to slow down the hydrogen-transfer from the for-
mate, we considered performing the reaction with a weaker
hydrogen-donor. Calcium formate was chosen, since IR
data indicated that the C-H adsorption frequencies in
calcium formate are considerably higher than those of
alkali formates,® being an indication of a less reactive C-H
bond in this formate salt.

Indeed, under comparable conditions, calcium formate
reacted with a higher chemoselectivity in the hydroxy-
carbonylation pathway, giving only 8% of 4-chlorobenz-
aldehyde and 36% of 4-chlorobenzoic acid after 18 h of
reaction at 100 °C (Table I, entry 7). Barium and po-
tassium formate were found less chemoselective, as shown
in Table I. Increasing the temperature and performing
the reaction in a solvent of lower polarity tends to avoid
aldehyde formation. Thus, in order to achieve higher
selectivity of hydroxycarbonylation, the reaction was done
at 120 °C in a DMF-benzene mixture (Table I, reaction
conditions B). Under these conditions, a selectivity of 97%
for the hydroxycarbonylation was achieved by the use of
calcium formate (Table I, entry 8). Various substituted
bromo- and iodoaromatic compounds were subjected to the
hydroxycarbonylation reaction (Table II). Para substit-
uents like methyl, methoxy, hydroxy, acetyl, nitro, and
chloro derivatives were found compatible with the reaction;
however, an ortho substitution tends to retard the reaction
(Table II, entries 5, 11, 14). The mechanism of the hy-
droxycarbonylation reaction could be related to that of the
methoxycarbonylation reaction. The latter was currently
shown® to proceed through fast oxidative addition and
carbonylation steps and a slow nucleophilic attack on the
acylpalladium species being produced.

The following nucleophilic attack of a formate ion could
proceed in two differents reaction patterns (Scheme I, A
and B). One possible pathway involves a C-H bond
cleavage, giving an aldehyde (Scheme I, A) another route
(Scheme I, B) is the generation of a palladium formate

(5) Harvey, K. B.; Morrow, B. A,, Shurvell, H. F. Can. J. Chem. 1963,
41, 1181.
(6) Milstein, D. J. Chem. Soc., Chem. Commun. 1986, 817.
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Table II. Hydroxyformylation of Substituted Aryl Halides®
entry aromatic halide aromatic acid (yield) (mol %)?

1 CeHBr CeH:COH (73) (70)°
2 CHJI CeH,CO,H (85)

3 4-CH306H4B1‘ 4-CH306H4002H (77) (72)c
4 3-CH,CeH,Br 3-CH,C,H,CO,H (76)

5 2‘CH306H4BI' 2-CH306H4COQH (55)
6

7

8

9

4-CH,OCzH, Br 4-CH;0CzH,CO.H (75)
3-CH,0C¢H,Br 3-CH;0CcH,CO.H (78)
4-CH,COC¢H Br 4-CH,COCH,CO,H (88) (85)°
4'ClCeH4Br 4'CICGH4COZH (85)

10  3-CICiH,Br 3-CIC¢H,CO,H (66)

11 Z'BTCGH4BI 2'CGH4(CO2H)2 (5)

12 4'NCCGH4BT 4-NCCsH4COQH (87)

13 4-HOC¢H,Br 4-HOC¢H,CO,H (45)

14 2‘H0C6H4Bl' 2-HOCsH4C02H (22)

15  4-(H3C),NCH,Br 4-(H;C),NC.H,CO.H (80)

16  4-O,NC¢H,Br 4-0,NCzH,CO,H (74)

17 1-bromonaphthalene 1-naphthoic acid (82)

18  2-bromonaphthalene 2-naphthoic acid (85) (81)¢

%Reaction conditions: aromatic halide (1 mmol), calcium for-
mate (0.6 mmol), PdCl, (0.05 mmol), and PPh; (0.3 mmol) were
heated (120 °C/20 h) in DMF /benzene (1:1) under 3 atm of carbon
monoxide. ?Determined as the methyl esters by GC or HPLC.
¢Isolated yields.

Scheme I
Pd°
ArCOzH + CO ArX ArCHO
ArPdX 7
1 ArCOPdH
t/co 5
ArCOPdX
[ArCO2CHO] 2 cos
\ HCOzM /
MX
ArCOPdOCHO ArCOPACO2H
A
3 -4

species (3), which subsequently produces mixed formic
anhydride by reductive elimination. A a result of thermal
instability of formic anhydrides,” this is followed by
thermal decarbonylation of the anhydride and gives the
benzoic acid derivative. Indeed, the uncatalyzed reaction
of benzoyl halide and sodium formate, at 120 °C in
benzene/DMF solution, gave a quantitative yield of
equivalent amounts of benzoic acid and carbon monoxide
(determined by GC), as a result of rapid decomposition
of the formed anhydride (eq 4). The differences in the

ArCOCl + NaO,CH — [ArCO,CHO] — ArCO,H + CO
' 4)

reaction pattern of formate salts with various metallic
counterions support a mechanism that involves formation
of two different benzoylpalladium intermediates: formyl
(3) and hydroxycarbonyl benzoylpalladium (4). A rapid
equilibrium between such intermediates is incompatible
with the observed differences in reactivity of various metal
ions. Factors such as reaction temperature and solvent
polarity seem to control the selection of one of the two
reaction modes A or B.

No carboxylation occurs when calcium formate is reacted
with an aryl bromide in the absence of carbon monoxide.

(7) Fife, W. K.; Zhang, Z.-d. J. Org. Chem. 1986, 51, 3744.
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Scheme 11
Pg®

ArX ArH
e

ArpPdXx ArPdH

! CO2

HCOM o
MX ArPdCOH

6

Thus, when the reaction of o-chlorobromobenzene with
calcium formate is carried out under an argon atmosphere,
only catalyzed reductive debromination occurs and chlo-
robenzene (67 mol % yield) is the only product obtained.
On the other hand, hydrogenolysis is negligible under
carbon monoxide atmosphere and only 2-10 % of reduc-
tive debromination was observed under the reaction con-
ditions cited in Table II.

A reaction with 13C-labeled calcium formate (99.9%
enriched) was carried out, in order to show that the car-
bonyl group in the product is introduced via carbonylation
process and not by a direct carboxylation with a formate
ion. Indeed, the isolated benzoic acid was found to be less
than 2% 13C-enriched, while 95% of the 3C was found in
the gaseous phase as *CO,? confirming the decarbonylation
of the formate as shown in eq 1. The dehalogenated by-
product could be the result of direct hydrogenolysis of the
arylpalladium intermediate (Scheme I, 1) with the formate
ion, as suggested previously.®? The predominancy of the
carbonylation of the aryl halides (even under low carbon
monoxide pressures) supports a mechanism including a fast
carbonylation of the arylpalladium intermediate (Scheme
I, 1), as proposed also for the methoxycarbonylation re-
action.® The fact that no direct carboxylation was found
indicates that in the absence of carbon monoxide an
arylpalladium carboxylate intermediate (Scheme II, 6), if
generated, would tend to undergo a decarboxylation re-
action, analogously to the decarboxylation of benzoyl-
palladium carboxylate (Scheme I, 4).

Experimental Section

Commercially CP grade aryl halides were used without puri-
fication. Solvents were dried on 4A molecular sieves and distilled
before use. Formate salts were dried under reduced pressure at

(8) 13C content in the benzoic acid was determined by 3C NMR and
from the molecular peak of its mass spectra. >CO was analyzed by GC
and high resolution MS.

Pri-Bar and Buchman

100-140 °C. Carbon monoxide was CP grade.

13C.Labeled calcium formate was prepared by reacting 99.9%
enriched formic-1°C acid (10% excess) and calcium hydroxide.
Excess water and formic acid were evaporated in vacuo at 50 °C.
HPLC separations were performed on a Varian 5000 unit with
a MCH-5 column (40 X 15 cm) and H,O/MeCN (35:65) as eluent.
GC determinations were performed on a HP gas chromatograph,
Model 7620A, using a 20% diethylene glycol succinate column
(/4 in. X 4 ft), for reactant and product identification or de-
termination, and a 13X molecular sieve column (/, in. X 6 ft)
for CO, Hy, and N, determination in the gas. The reactions were
performed in a glass pressure reaction vessel provided with a
magnetic stirrer and connected to a pressure gauge.

General Procedure for Hydroxycarbonylation of Aryl
Halides. Palladium dichloride (9 mg, 0.05 mmol), triphenyl-
phosphine (79 mg, 0.3 mmol), 4-chlorobromobenzene (191 mg,
1 mmol), and anhydrous calcium formate (78 mg, 0.6 mmol) were
placed in the reaction vessel. After the mixture was purged several
times with nitrogen, N,N-dimethylformamide (DMF) (4 mL) and
benzene (4 mL) were introduced via a syringe through a rubber
septum. Carbon monoxide was added and removed several times
to ensure a pure CO atmosphere. The vessel was sealed pres-
surized with 50 psi of carbon monoxide. The mixture was heated
on an oil bath to 120 °C (£2) for 20 h. Then, the reaction mixture
was cooled to room temperature and filtered to separate the
precipitated salts. The solution was left to react overnight with
an excess of methyl iodide and potassium carbonate to give the
methyl ester (0.85 mmol, 85%) as determined by GC and HPLC.
Isolation of the pure acid was achieved by addition of 10 mL of
aqueous sodium hydroxide (2 N), followed by continued extraction
with benzene. After the removal of DMF, the aqueous solution
was acidified to pH 2 with concentrated HCI and the precipitating
organic acid was separated by filtration and dried in vacuo.
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