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Terminal alkynes react with formic acid and/or water in a catalytic system using PdCl, and CuCl, to
give monosubstituted maleic anhydrides and the corresponding maleic and fumaric acids. The catalysis
takes place at room temperature and requires gentle bubbling of carbon monoxide and oxygen through
the reaction medium. Among the solvents tested, THF is the most suitable one; the total yields of the
carbonylated products range from 30 to 75%. Phosphines and phosphites completely inhibit the reaction.

Introduction

The origins of transition-metal-catalyzed carbonylation
of alkynes date back to the investigations of Reppe and
Roelen in the late 1930s and the early 1940s.! The reports
of these pioneering studies stimulated considerable re-
search activity in this area between 1950 and 1965, pro-
ducing a large number of patents and leading to some
commercial processes. Of the latter, the most important
has been the large scale production of acrylic acids and
esters, which are used as precursors to high molecular
weight polymers.

Pino and Braca? have reviewed the early stages in the
development of this field and have concluded that alkyne
carbonylation is an inherently complex reaction which
gives different products depending on such factors as the
type of metal catalyst, the solvent, temperature and
pressure, presence of hydrogen sources such as H, and
H,0, type of acid or other promoters, and the pH of the
reaction medium. Possible products include ketones, al-
dehydes, esters, acids, lactones, hydroquinones, and oli-
gomers of both the starting alkyne and the products.

The most widely used catalysts for alkyne carbonylation
are the carbonyl complexes of groups 8-10 metals, of which
Ni(CO), and Coy(CO)s, or their precursors, have been the
most important catalysts and the only ones used indus-
trially. In general, these systems require high temperatures
(100-200 °C) and pressures (30-200 atm); milder condi-
tions (25-100 °C, 1-10 atm) usually lead to stoichiometric
reactions. Among other transition metals, palladium has
shown the highest and most interesting reactivity toward
alkyne carbonylation. The first use of Pd catalysts was
reported in a German patent issued in 19622 and was soon
followed by many other publications.41® The main dif-
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ference in the reactivities of Pd, Ni, and Co is that Pd-
catalyzed carbonylation of alkynes usually leads to di-
carbonylation, while Ni- and Co-catalyzed processes give
mainly monocarbonylated products. A common feature
of most Pd-catalyzed systems is that metallic palladium
separates during the reaction and only by using such ox-
idants as CuCly/O, or thiourea/air® can these reactions
proceed catalytically.?

One of us has previously reported the use of PdCl, in
catalytic alkene hydrocarboxylation with water,!! alkene
hydrocarboalkoxylation with alcohols!? and formate es-
ters, and alkyne dicarboalkoxylation in alcohols.!*
Having found that the combination of PdCly/CuCl,
CO/0y/HCI catalyzes these and other related reactions!>'6
under very mild conditions, we sought to extend our
studies to the carbonylation of alkynes with water, formic
acid, and formate esters. This paper presents the results
of the PdCl,-catalyzed dicarbonylation of terminal alkynes
with formic acid and water.

Experimental Section

General Comments. The solvents were distilled from ap-
propriate drying agents under N,. The alkynes (Farchan) were
dried and distilled before use; acetone-dg (MSD) and HCOOH
(Aldrich) were used as supplied. PdCl, and CuCl, were purchased
from commercial sources and were used as received. 'H and 3C
NMR spectra were recorded on a Varian Gemini 200-MHz
spectrometer. The chemical shifts were measured in ppm relative
to the resonances of the residual protons (for 'H) and the carbonyl
carbon (for ®C) of acetone-dg, both of which are internally cal-
ibrated against tetramethylsilane. IR spectra were recorded on
a Perkin-Elmer 783 spectrometer. GC/MS analyses were per-
formed on a VG 7070E mass analyzer.
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PdCly,-Catalyzed Dicarbonylation of Terminal Alkynes

General Procedure for Catalytic Reactions. The reactions
were carried out in a two-neck flask containing the solvent (5-10
mL), PdCl, (0.15 mmol), CuCl, (0.15-0.30 mmol), the alkyne (1.5
mmol), and 30% HCOOH or water (2.3-3.0 mmol). The CO/0,
gas mixture (3:1, 9 mL/min) was bubbled through the reaction
mixture via a gas inlet adaptor extending down below the surface
of the solvent. The reaction mixture was stirred for 3-8 h at room
temperature and was worked up by evaporating the solvent and
extracting the residual material with diethyl ether/water; the
ethereal layer was then dried over MgSO,, and the solvent was
removed.

Product Analysis. Quantitative analysis was carried out by
TH NMR spectroscopy (acetone-dg) with maleic acid as an internal
standard. Integration of the vinylic proton resonances of the
carbonylated products (ca. 6.95 ppm for the monosubstituted
maleic anhydrides 1, 6.75 ppm for the corresponding fumaric acids
3, and 5.95 ppm for the corresponding maleic acids 2) against that
of the standard (ca. 6.40 ppm) gave both the total yields and the
product ratios. The products were then isolated by standard
basification/neutralization extractions and/or column chroma-
tography (silica gel, 1:2 methylene chloride/hexane followed by
1:1 ethyl acetate/hexane) and characterized on the basis of IR,
'H and 3C NMR, and GC/MS spectra.

Control Experiment for the Hydrolysis of the Maleic
Anhydride Derivative with HCOOH. The substituted maleic
anhydride isolated from the carbonylation of 1-octyne (1, R =
-(CH,y)sCH;) was used in place of the terminal alkyne under
catalytic reaction conditions: THF (5 mL), PdCl, (0.12 mmol),
CuCl, (0.24 mmol), 90% HCOOH (5.40 mmol), and 1 (0.71 mmol).
A 3:1 mixture of CO/Q, was bubbled through the stirring reaction
mixture for 6 h. The solvent was then evaporated, and the residual
material was analyzed by 'H NMR spectroscopy (acetone-dg),
which indicated the presence of a 97:3 mixture of the starting
anhydride (1) and the corresponding maleic acid (2), respectively;
no trace of the corresponding fumaric acid (3) was detected (Table
VI). Thus, under typical reaction conditions and in the presence
of excess formic acid, only 3% of the maleic anhydride derivative
may be hydrolyzed to the corresponding maleic acid.

Control Experiment for the Hydrolysis of the Maleic
Anhydride Derivative with Water. The above experiment was
repeated with water instead of 0% HCOOH: THF (5 mL), PdCl,
(0.12 mmol), CuCl, (0.23 mmol), H,O (3.0 mmol), and 1 (0.62
mmol). Analogous workup and analysis revealed an 89:11 mixture
of 1 and 2; no 3 was detected (Table VI). Thus, under typical
reaction conditions and in the presence of excess water, as much
as 11% of the maleic anhydride derivative may be hydrolyzed
to the corresponding maleic acid.

Control Experiment for the Dehydration of the Maleic
Acid Derivative. The substituted maleic acid isolated from the
carbonylation of 1-octyne (2, R = -(CH,);CH,) was used in the
following reaction: THF (5 mL), PdC],; (0.19 mmol), CuCl, (0.19
mmol), 90% HCOOH (0.94 mmol), and 2 (0.50 mmol). A 3:1
mixture of CO/Q, was bubbled through the stirring reaction
mixture for 6 h. The solvent was then evaporated, and the residual
material was analyzed by 'H NMR spectroscopy (acetone-dg),
which indicated the presence of an 89:11 mixture of the starting
maleic acid (2) and the corresponding anhydride (1), respectively;
no fumaric acid derivative (3) was detected (Table VI). Thus,
under typical reaction conditions with formic acid, up to 11%
of the maleic acid derivative formed during the carbonylation
reaction may dehydrate to the corresponding anhydride.

Attempted Carbonylation of trans-2-Octenoic Acid. PdCl,
(42 mg, 0.24 mmol) and CuCl, (62 mg, 0.46 mmol) were stirred
in THF (20 mL), and a 3:1 mixture of CO/O, was bubbled through
the mixture. After 10 min, trans-2-octenoic acid (302 mg, 2.13
mmol) and 90% HCOOH (174 mg, 3.77 mmol) were added, and
the stirring was continued for 6 h. Workup as usual gave a pale
yellow liquid (298 mg) whose 'H NMR spectrum was that of the
starting acid. Therefore, trans-2-octenoic acid does not carbo-
nylate to give maleic or fumaric derivatives under the reaction
conditions for catalytic dicarbonylation of alkynes.

Synthesis and IR Spectrum of the Yellow Complex.
Bubbling CO through a stirred suspension of PdCl, (29 mg, 0.16
mmol) and CuCl, (50 mg, 0.37 mmol) in THF (15 mL) for 4 h
produced a sparingly soluble, yellow solid. The reaction mixture
was filtered under CO by using standard Schlenk techniques, and
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Table I. Pd-Catalyzed Dicarbonylation of H-CC-R with

HCOOH or H,0°
product
distribution,® %
run R yield,? % 1 2 3
1 Ph 75 (68) 100 0 0
2 t-Bu 49 95 5 0
3 CH(Me)Et 66 66 26 8
4 (CHy).Ph 53 5 0 2
5 (CH,);Ph 65 69 0 31
6  (CH,)Cl 59 0 5 2
7 (CH,);CN 30 62 11 27
8 (CH,);CH,4 54 65 5 30
9 (CH,);CH,4 68 (59) 60 5 35

%In a typical experiment the following reagents were used with
the indicated stoichiometries: PdCl; (0.15 mmol), CuCl; (0.15~0.30
mmol), H—C=C—R (1.50 mmol), and 90% HCOOH (2.30-3.00
mmol). The reactions were carried out in THF (5-10 mL) for 3-8
h at room temperature; a CO/0O; (9 mL/min:3 mL/min) gas mix-
ture was bubbled through the reaction mixture. ®The reaction
mixture was worked up by evaporating the solvent, extracting the
residual material with Et,0/H;0, drying the ethereal layer over
MgSO,, and removing the solvent. The yields are based on the
starting alkyne used and were determined from the 'H NMR
spectra (acetone-dg) of the worked-up reaction mixtures, using
maleic acid as the standard. Integration of the vinylic proton sig-
nals of the carbonylated products (ca. 6.95 ppm for 1, 6.75 ppm for
3, and 5.95 ppm for 2) against that of the standard (ca. 6.40 ppm)
gives the total yield and the product ratios. Isolated yields were
obtained in two cases and are reported in parentheses.

the yellow solid thus isolated was stored under CO. The IR (Nujol)
spectrum of the solid showed a strong absorption at 1985 cm™.

Catalytic Activity of the Yellow Complex. Bubbling CO
through a stirred suspension of PdCl, (33 mg, 0.19 mmol) and
CuCl; (42 mg, 0.31 mmol) in THF (15 mL) for 3 h produced a
slightly soluble, yellow solid. 1-Octyne (206 mg, 1.81 mmol) and
water (65 mg, 3.61 mmol) were added to the yellow mixture, and
a 10:1 CO/0, mixture was bubbled through for 10 h, during which
the color of the mixture turned black. Workup as usual gave a
pale yellow solid, and 'H NMR spectroscopy with maleic acid as
the internal standard indicated a 51% total yield of the carbo-
nylated products 1-3 in a 39:15:46 ratio. Thus, the yellow complex
can act as a catalyst precursor in the dicarbonylation of alkynes.

Results and Discussion

Phenylacetylene reacts with 90% HCOOH, PdCl, (10
mol %), CuCl, (10-20 mol %), and a mixture of CO/0,
gases to produce phenylmaleic anhydride in 75% yield;
under the same conditions, 3,3-dimethylbutyne affords a
49% combined yield of tert-butylmaleic anhydride and
tert-butylmaleic acid in a 95:5 ratio, respectively. In
contrast, 1-octyne gives a mixture of hexylmaleic anhydride
and the corresponding maleic and fumaric acids (eq 1).

THF, room, temp
et ——

H—=——R + HCOOH/H;O + PdCl/CuCl,

CO/0;
1 am
R R OH
— — o= R
[& + o:(—3=o v \= ("
Sl ) HO OH o)
1 2 HO
3

Table I summarizes the results of the reactions of ter-
minal alkynes with 90% formic acid. These results indi-
cate that the proportion of the fumaric derivative 3 is
strongly influenced by the steric bulk of the alkyne sub-
stituent, with the bulky groups Ph, ¢-Bu, and CH(Me)Et
giving little or no 3 (Table I, runs 1-3) and the less bulky
groups giving 25-35% (Table I, runs 4-9). With
straight-chain alkyl substituents, the (2):(E) ratio (i.e., the
ratio of maleic to fumaric derivatives) is (2-3):1; this is in
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Table II. Solvent Effects on Dicarbonylation of Alkynes®

90% ratio

PdCl, CuCl; 1l-octyne HCOOH solvent yield, %  1:2:3

1 2.0 9.4 19 THF 68 60:5:35

1 2.0 9.7 20 acetone 57 36:37:27

1 2.2 10.1 21 dioxane 44 54:8:38

1 2.0 9.4 19 CH,CN 42 17:56:27

1 2.0 10.3 22 EtOAc 25 50:9:41

1 2.1 9.9 24 CgH, 11 59:24:17

1 21 101 21  CHCl,

1 2.0 10.0 20 CH,Cl,

4The reactions were carried out at room temperature for 6 h.
See footnote b of Table I and the Experimental Section for details
on yield assessments. Taken together, the values given in columns
1-4 represent the molar ratio of the reactants (e.g. 1:2.0:9.4:19 for
PdCl;:CuCly:1-octyne:90% HCOOH).

contrast to the 1:4 ratio reported by Heck® in the di-
carboalkoxylation of 1-heptyne with PdCl,/HgCl,. The
presence of a chloro group away from the triple bond in
the starting alkyne seems to have no effect on the reaction
(Table I, run 6), whereas a cyano group in the same pos-
ition reduces the yield (Table I, run 7); this effect might
be due to the blocking of a coordination site on the metal
center of the catalyst by the pendant CN group. With
propynoic acid and its esters (H-CC-COOR; R = H, Me,
Bu) intractable materials are obtained in which no car-
bonylation products could be identified; this result is in
agreement with Heck’s finding® that polar substituents on
both alkenes and alkynes cause substantial deactivating
effects on Pd-catalyzed carbonylations of these substrates.
The reaction does not proceed with the internal alkynes
2-heptyne and 4-methyl-2-pentyne; these results are
somewhat surprising in light of the earlier finding!¢ that
internal alkynes are hydrocarboalkoxylated with PdCl,/
CuCl,/HCI/ROH to give disubstituted alkyl acrylates.

Solvent Effects. The present catalytic system is quite
sensitive to a number of factors including the solvent. As
seen from Table II, the suitability of the solvent follows
the order THF > acetone > dioxane > CH;CN > EtOAc
> C¢Hg; there is no reaction in CHCly and CH,Cl,. No
obvious correlation seems to exist between the solvent
polarity and its suitability for the reaction. For instance,
while CH;CN is the most polar of the solvents tested, it
is not the most suitable one for the reaction; this might
be due to the well-known ability of this solvent to compete
with substrates for coordination to palladium. The com-
plete inhibition of catalysis in CHCl; and CH,Cl, might
be due to the low miscibility of HCOOH /H,0 and the low
solubility of PdCl, and CuCl, in these solvents.

Effects of Additives. Alkali-metal halides and I, have
been used as promoters for Pd-catalyzed alkyne carbony-
lations.”® In the present system, however, LiCl was found
to have no promoting effect, while Nal inhibited the ca-
talysis both in the presence and absence of CuCl,. Small
amounts of I, did not influence the reaction, but larger
amounts suppressed the dicarbonylation and gave small
amounts of an unidentified product.

Bystrom, Larsson, and Akermark!? have recently re-
ported that addition of PPh; to a catalytic system con-
sisting of Pd(OAc),, Cu(OAc),, hydroquinone, and O, in-
hibits the catalytic acetoxylation of olefins; this effect was
attributed to the oxidation of the phosphine by oxygen.
We have examined the effects of using the phosphines
PPh,, PCy;, and Ph,P-(CH,),~PPh, and the phosphites
P(OPh); and P(O-i-Pr); in various ratios with respect to
PdCl,, with or without CuCly/O,; the catalysis was com-

(17) Bystrom, 8. E,; Larsson, E. M.; Akermark, B. J. Org. Chem. 1990,
55, 5674.
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pletely inhibited in all cases. Therefore, the carbonylation
proceeds best in the absence of any ligand or solvent that
can compete with CO and the alkyne for coordination sites
on the catalyst.

Turnover Numbers. Table 1II summarizes the reac-
tion yields and turnover numbers for various Pd:alkyne
ratios. It is interesting to note that the yields are similar
for stoichiometric (1:1) and catalytic (1:10) ratios, while
higher than 1:10 ratios lead to lower percent yields but
more or less the same turnover numbers. The main reason
for the low turnover numbers is a competing polymeriza-
tion side reaction, which becomes significant with higher
Pd:alkyne ratios. Also, the continuous bubbling of CO and
O, through the reaction mixture causes some loss of alkyne
by evaporation, especially when more volatile alkynes are
used. A partial solution to both these problems is to keep
the alkyne concentration low by adding it dropwise (Table
III, run 2).

Effects of CO/O; and the Metals. The gases CO and
O, are very crucial to the catalysis. Without CO no car-
bonylation takes place even when sufficient amounts of
HCOOH are present (Table IV, run 1); instead, the alkyne
undergoes cyclotrimerization and polymerization. Fur-
thermore, it is necessary to bubble the CO through the
reaction mixture, otherwise lower yields are obtained when
the gases are contained in a balloon attached to the re-
action flask (Table IV, run 2). A 3:1 ratio of CO/0O, was
used in most reactions, but experiments showed that this
ratio is not very important (Table IV, runs 3 and 4). This
is perhaps not surprising since these gases are usually in
large excess with respect to the other components of the
gystem (e.g., with a 3:1 ratio of CO/0Q,, the ratio of Pd:
CO0:0, is roughly 1:(500-1000):(200-300)).

With PdC)l, alone, withough oxygen and CuCl,, the
carbonylation reaction proceeds stoichiometrically (Table
IV, run 5), while in the absence of PdCl, no carbonylation
takes place (T'able IV, run 6). These results indicate that,
of the two metal salts used, PdCl, is undoubtedly the
catalyst precursor. In catalytic systems employing some
combination of PdCl, and CuCl,/0,, the latter are gen-
erally assumed to act as Wacker-type regenerators (oxi-
dants) of the “deactivated” palladium catalyst:

PdO + 2CUCIQ had Pdn + CU2C12 (2)
CUQCIZ + 1/202 + 2HCl — 2CUC12 + H20 (3)

According to the above reactions, CuCl, is the main
oxidant for regenerating Pd% HCI and oxygen are needed
to replenish CuCl, but can be replaced by excess CuCl,.
Interestingly, however, HCI has detrimental effects on our
system, while oxygen is much more necessary for the ca-
talysis than is CuCl,. For instance, the relative amount
of CuCl, present in the reaction does not seem to be a
crucial factor (Table IV, runs 7-9), and even in the com-
plete absence of CuCl, at least 4 catalytic turnovers are
observed (Table IV, run 10). In contrast, excluding just
oxygen from the system completely inhibits the catalysis
even when excess CuCl, is used (Table IV, run 11), while
introducing oxygen into the system initiates the catalysis.

These results have important implications for the
mechanism of catalyst regeneration in this system, and
perhaps in many other Pd(II)/Cu(Il)/ O, (Wacker-type)
systems. They seem to suggest that oxygen can oxidize
Pd° to Pd" independently of CuCl,. A search of the lit-
erature has revealed a number of other reports!®2 sup-

(18) (a) Hosokawa, T.; Uno, T.; Inui, S.; Murahashi, S.-I. J. Am. Chem.
Soc. 1981, 103, 2318. (b) Hosokawa, T.; Miyagi, S.; Murahashi, S.-I.;
Sonoda, A. J. Org. Chem. 1978, 43, 2752.
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Table II1. Effect of the Pd:Alkyne Ratio on Dicarbonylation of Alkynes®

ratio
run PdCl, CuCl, alkyne 90% HCOOH  time, h yield, % 1:2:3 turnover no.

1 1 1.1 1-octyne, 1.0 2.5 1 75 58:11:31

2 1 11 l-octyne, 9.4 19 6 77 60:3:37 7.2
3 1 2.0 l-octyne, 40 72 10 17 40:20:40 6.8
4 1 2.0 H-CC-Ph, 20 40 14 50 100:0:0 10.0
5 1 9.9 H-CC-Ph, 22 45 14 40 100:0:0 8.8
6 1 1.2 H-CC-(CH,),Cl, 48 82 11 15 43:25:32 7.2

¢See footnote b of Table I and the Experimental Section for Details on yield assessments. Taken together, the values given in columns
2-5 represent the molar ratio of the reactants, (e.g. 1:1.1:1.0:2.5 for PdCl,:CuCl,:1-octyne:90% HCOOH (run 1)). 1-Octyne and HCOOH

were added dropwise over a 3-h period.

Table IV. Effects of Gases and Metal Ratios on Dicarbonylation of Alkynes®

ratio

run PdCl, CuCl, 1-octyne HCOOH or H,0 CO/0, yield, % 1:2:3

1 1 2.0 9.9 HCOOH, 26 0, only b

2 1 2.1 9.7 HCOOH, 21 3:1¢ 45 62:9:29

3 1 1.7 9.7 H,0, 19 10:1 51 39:14:47

4 1 2.0 8.1 H,0, 17 1:6 53 20:43:37

5 1 11.0 H,0, 29 CO only 6 35:30:35

6 1.0 10.0 HCOOH, 20 31

7 1 0.56 11.0 HCOOH, 23 31 68 57:5:38

8 1 2.5 10.3 HCOOH, 23 3:1 68 57:5:38

9 1 5.5 10.5 HCOOH, 22 31 66 54:5:41
10 1 9.8 H,0, 21 31 43 26:21:53
11 1 16 14.04 HCOOH, 33 CO only 2 100:0:0

%See footnote b of Table I and the Experimental Section for details on yield assessments. Taken together, the values given in columns 2-5
represent the molar ratio of the reactants (e.g. 1:2.0:9.9:26 for PACly:CuCly:1-octyne:HCOOH (run 1)). *Polymers formed. ¢The gases were
contained in a balloon attached to the reaction flask. ¢ Ph—C=C-H was used.

porting this possibility. The most widely accepted view
is that the insertion of O, into the Pd-H bond of an in-
termediate species forms a palladium hydroperoxo complex
which, in turn, gives Pd(II) and water (vide infra).

If, indeed, oxygen is the true oxidant in this system, then
CuCl,, which is certainly beneficial for the overall catalytic
process, must have a different function. One distinct
possibility is that CuCl, may be involved in the formation
of a heterometallic (Pd/Cu) species which participates in
the catalysis in some capacity. This possibility has been
raised earlier by Fenton and Steinwand? who proposed
a Pd/Cu complex as the main catalytic species in the
carbonylation of alcohols to oxalates. Hosokawa, Mur-
ahashi, and co-workers!8 have also argued that a Pd-Cu
intermediate is involved in the oxidative cyclization of
2-allylphenols catalyzed by Pd(OAc),/Cu(OAc),/0,.
Furthermore, we have observed that the interaction of
PdCl,, CuCl,, and CO in the absence of alkyne and HCO-
OH leads to a yellow solid which can serve as a catalyst
precursor with catalytic activity comparable to that of
PdCl,/CuCl,. That this compound contains CO ligand(s)
is apparent from a single, strong absorption at 1985 cm™!
in the IR (Nujol) spectrum of this solid and the fact that
it does not form in the absence of CO. The full charac-
terization of this material, however, has thus far eluded
us because it is quite insoluble in most solvents, very
unstable in the absence of CO, and does not form crystals.
The following tentative structures are postulated as pos-
sible candidates for this species:

oc_ ol el co oc_ ol ¢l co
P8 et P8 Jct pd el
oc” ‘e’ e’ ‘co oc” i el “co

Anhydride Formation. An interesting feature of the
present catalytic system is its tendency to give substituted
maleic anhydrides as the major reaction products. Most

(20) Blackburn, T. F.; Schwartz, J. J. Chem. Soc., Chem. Commun.
1977, 157.
(21) Fenton, D. M.; Steinwand, P. J. J. Org. Chem. 1974, 39, 701

previous studies of alkyne carbonylation have resulted in
the formation of the corresponding maleic and fumaric
acids (with water as nucleophile) and esters (with alcohols
as nucleophiles), in addition to other monocarbonylated
products. To our knowledge, the only other reports of
alkyne dicarbonylation to anhyrides are Heck’s® stoichio-
metric reaction using PdCl,/HgCl,/Ph-CC-H/H,0/
acetone, and the catalytic synthesis of dimethylenesuccinic
anhydrides by Tsuji and Kiji:®
R

\

0”0

In addition, there have been reports of Pd-° and Rh-
catalyzed!? carbonylation of alkynes to furan-2(5H)-ones,
which are believed to arise from the in situ reduction of
the corresponding maleic anhydrides:

R R R R
= — I, — C\
o7 ro” ™0 0~ N0

The use of HCOOH in our system seemed at first to be
the most probable cause for the preferential formation of
anhydrides.. We set out to examine this possibility by
attempting to ascertain the specific roles of water and
HCOOH in the catalytic system. When HCOOH was re-
placed by water in an otherwise standard reaction, a 53%
total yield was obtained with a 1:2:3 ratio of 44:19:37 (Table
V, run 1). Therefore, water is a sufficiently good nucleo-
phile for bringing about anhydride formation, even though
HCOOH gives somewhat higher total yields and propor-
tions of anhydride. Indeed, even when no water or HCO-
OH was added to the reaction mixture (“blank” reaction),
a significant yield was obtained (Table V, run 2). This
result indicated that the reaction medium contained rel-
atively large amounts of water, perhaps as the residual
moisture in the solvent, the gases, or the reagents used.
To our surprise, however, no matter how rigorously the
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Table V. Effect of Water, Acids, and Bases on the Dicarbonylation of Alkynes®

ratio
run PdCl, CuCl, l-octyne reagents time, h yield, % 1:2:3
1 1 2.5 9.3 H,0, 185 5 53 44:19:37
2 1 1.2 10.0 4 41 54:12:34
3 1 1.0 10.8 4A molecular sieves 10 6 80:0:20
4 1 1.2 9.6 MgSO, 5 12 71:0:29
5 1 1.9 21.9 90% HCOOH, 49; 4A molecular sieves 5 5 24:54:22
6 1 1.1 9.5 90% HCOOH, 25; MgSO, 3 56 54:5:41
7 1 2.0 10.1 98-100% HCOOH (pK, = 3.75), 20 7 57 62:10:28
8 1 2.1 9.9 oxalic acid (pK, = 1.27), 20 15 68 36:25:39
9 1 2.1 10.5 malonic acid (pK, = 2.85), 20 11 56 26:48:26
10 1 1.9 9.9 acetic acid (pK, = 4.74), 21 11 48 37:37:26
11 1 19 9.7 boric acid (pK, = 9.24), 19 12 61 31:39:30
12 1 2.1 9.4 concentrated HC] (pK, = -2.2), 40 10 14% 30:20:50
13 1 2.1 10.9 H,0, 18; EtN(i-Pr),, 6.6 5

¢The reactions were run as described in footnote a of Table I and the Experimental Section, using the reagents specified above. Taken
together, the values given in columns 2-5 represent the molar ratio of reactants (e.g. 1:2.5:9.3:18.5 for PdCl,:CuCl,:1-octyne:H,O (run 1)).

¢ Other unidentified products were also observed.

solvent and the reagents were dried and/or distilled prior
to their use, and in spite of scrubbing the gases, the blank
reactions (i.e., the reaction with no added water or
HCOOH) repeatedly resulted in about 40% yields. Only
when 4A moleculr sieves were present in the reaction
medium during the entire course of the reaction was it
possible to almost completely suppress the carbonylation
reaction (Table V, run 3). MgSO, had a similar effect
(Table V, run 4), although it did not suppress the reaction
to the same extent probably because it is less effective as
a dessicant. Therefore, it seems that water is generated
in situ during the reaction and that the use of oxygen is
responsible for this in some manner. As noted above, the
formation of water from oxygen has been invoked by
others!®% and might result from hydroperoxo complexes
formed by the insertion of O, into a metal hydride bond.2

Having found that water can also result in anhydride
formation, it was then necessary to understand why
HCOOH gives higher total yields and anhydride propor-
tions. In other words, is HCOOH a more effective nu-
cleophile than water, or does it act merely as a promoter
for the reaction of water? In order to determine whether
HCOOH plays a direct role in the carbonylation reaction,
it was necessary to carry out an experiment with only
HCOOH, taking measures to ensure that any in situ gen-
erated water would be removed. Thus, a standard HCO-
OH reaction was run in the presence of 4A molecular
sieves. This reaction gave almost no carbonylation (Table
V, run 5), leading us to conclude that water, not HCOOH,
is the true nucleophile in the carbonylation reaction. This
conclusion, however, was not supported by the outcome
of an analogous HCOOH reaction with MgSO,, which gave
a 56% yield (Table V, run 6). The large difference in the
yields of these two reactions is difficult to explain. On the
one hand, the high yield of the MgSO, reaction might be
due not to the reaction of HCOOH, but rather to the
relatively lower effectiveness of MgSO, in removing water
from the reaction medium. On the other hand, it is pos-
sible that 4A molecular sieves inhibit the reaction more
effectively because they trap both water and HCOOH,
while MgSO, traps only water, allowing HCOOH to react
and the reaction to proceed almost unhindered.

If HCOOH does not act as a nucleophile, its role might
be to provide H* ions, which could be conducive to the
catalysis; in that case, there should be acids other than
HCOOH with similar effects on the reaction. As seen from
the results of Table V {runs 7-12), oxalic, boric, acetic, and

(22) (a) Johnston, L. E.; Page, J. A. Can. J. Chem. 1969, 47, 4241. (b)
Robert, H. L.; Symes, W. R. J. Chem. Soc. A 1968, 1450.

Table VI. Hydrolysis and Dehydration Control

Experiments
products
entry starting material 1:2:3
1 1/HCOOH 97:3:0
2 1/H,0 89:11:0
3 2/HCOOH 11:89:0

malonic acids lead to reaction yields which are comparable
to that of HCOOH and higher than the yield of the blank
reaction (i.e., the reaction with no added water or
HCOOH); HCI leads to much lower yields and other
products. Therefore, acidic conditions are indeed favorable
for the catalysis, while bases completely inhibit the reaction
(Table V, run 13). There is, however, no correlation be-
tween the pK, values of the acids used and their effects
on either the yield or the anhydride proportion. This is
in accord with the results of Whiting et al.2® who found
that the Ni(CO),-promoted synthesis of acrylic acid from
alkynes was independent of the pK, of the acids used.

To sum up, the presence of HCOOH is beneficial for the
catalysis in terms of both yields and anhydride proportion.
Our results, however, do not clarify the precise reason(s)
for these effects, and the role of HCOOH in the catalysis
remains unknown.

Carbonylation Mechanism. Although the maleic an-
hydride derivative 1 is the major product in all standard
catalytic reactions, the proportions of the three products
can vary significantly (Table I). As mentioned earlier, the
proportion of the fumaric acid derivative 3 is affected by
the steric bulk of the alkyne substituent. The possible
implications of this steric factor for the mechanism of
alkyne insertion will be discussed later (vide infra). In
addition, for a given alkyne, more of the maleic acid de-
rivative 2 forms when larger amounts of water are present
in the reaction medium. This can be seen from the plot
of the relative amounts of water present in the reaction
mixture versus the product distribution (Figure 1). This
plot also shows that the increase in the proportion of 2
comes almost completely at the expense of the corre-
sponding anhydride derivative 1. The simplest explanation
for this observation would be a post facto hydrolysis of the
preformed anhydride (eq 4).

(23) Jones, E. R.; Shen, T. Y.; Whiting, M. C. J. Chem. Soc. 1951, 766,
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This reasoning, however, is not supported by the fol-
lowing experimental results. When pure anhydride 1 was
stirred for 6 h under the conditions of the catalytic runs,
a 97:3 mixture of the starting anhydride and the corre-
sponding maleic acid 2, respectively, was recovered (Table
VI, entry 1). Even when this experiment was repeated in
the presence of excess water, an 89:11 mixture of 1:2 was
obtained (Table VI, entry 2). Therefore, once the anhy-
dride 1 is produced in the reaction, it does not hydrolyze
significantly to the corresponding diacid 2. Conversely,
once the diacid 2 is formed, it does not dehydrate appre-
ciably to the corresponding anhydride 1 or isomerize to give
the fumaric acid derivative 3 (Table VI, entry 3).

These results indicate that, under the conditions of the
catalytic reactions, 1 and 2 do not interconvert significantly
or isomerize to give 3. Therefore, we can conclude that,
to a large extent, these three reaction products originate
from three distinct, but interdependent, reaction pathways
whose relative contributions to the overall reaction are, to
a good approximation, reflected in the product ratios. This
conclusion forms the basis of our proposed mechanism for
the dicarbonylation of terminal alkynes (Scheme I).

The mechanism shown in Scheme I is, in principle, very
similar to that proposed by Heck® for the dicarboalk-
oxylation of alkynes. Thus, coordination of CO and the
alkyne to PdCl, can form complex 4. Nucleophilic attack
of water on the coordinated CO would give, after loss of
HCI and the incorporation of another CO, the hydroxy-
carbonyl species 5. The next step is the insertion of the
coordinated alkyne into the metal-carboxyl bond, giving
either 6 (“trans” insertion) or 7 (“cis” insertion); the
stereochemistry of this insertion step will be discussed in
the next section. Complex 6 undergoes another nucleo-
philic attack by water and loss of HCl to give a vinyl
carboxyl complex, which then reductively eliminates the
fumaric acid derivative 3 and Pd? Alternatively, 6 can

R
*
Pd/
~

H COOH
3
Product distribution
100%
80% -
80% - y
40%
20% -
y
0%
1.2 2 6
water/alkyne molar ratio
=3 (E)-diacid
KX (2)-diacid

B Annydrice

Figure 1. Relationship between the water:alkyne molar ratio and
the product distribution.

undergo “migratory insertion” of CO into the metal-vinyl
bond first, followed by the nucleophilic attack of water to
give 3.

The vinyl complex 7 can undergo nucleophilic attack,
loss of HC], and reductive elimination to give the maleic
acid derivative 2; alternatively, migratory insertion, fol-
lowed by nucleophilic attack and reductive elimination,
would lead to the same product. Another possibility for
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7 is the oxidative addition of the carboxyl O-H bond to
give 8 after losing HC1. (Of course, 8 can also form as a
result of the protonation of the metal center in 7 by the
carboxyl proton, loss of HCIl, and the coordination of the
carboxylate anion.) The palladium-containing lactone, 8,
is believed to be the main precursor to the maleic anhy-
dride derivatives 1. Nickel- and palladium-containing
lactones similar to 8 have been synthesized and charac-
terized by Yamamoto and co-workers,? who also showed
that these complexes undergo carbonylation to give the
corresponding cyclic anhydrides (eq 5). Therefore, it is
reasonable to assume that 8 undergoes carbonylation and
reductive elimination to give 1.

L

N

M\J:L E—MLz+n (5)
v o0 0 0" Y0

According to the overall reaction mechanism, the
products 1 and 2 both originate from the species 7, and
while 1 equiv of water is required for the formation of 2
from 7, no water is required for the formation of 1.
Therefore, it is not surprising that the presence of excess
water in the reaction medium changes the ratio of 1:2 in
favor of 2, without seriously affecting the proportion of 3
in the product distribution (Figure 1).

The above mechanism does not involve the formation
of monocarbonylated products (enoic acids) as interme-
diates to the dicarbonylated products. This is based on
the observation that trans-2-octenoic acid is not carbo-
nylated under the catalytic reaction conditions:

R ] R OH
= = o= R
0 X~ +0 o+ =
HO 0”0”0 HO OH o
HO

Finally, the reduced palladium must be oxidized in order
for the catalysis to proceed. As discussed earlier, our ex-
perimental results are consistent with a process in which
oxygen is the main oxidant. One such process, involving
a hydroperoxo complex, has been described by others,18-20
A slightly revised version of this process can be represented
by the sequence of steps

P’ + HOl =_
Cl-Pd-H — Cl-Pd-00H —=- PdCl, + HOOH
HOOH — H,0 + 0.50,

The source of HC] molecules is the nucleophilic attack
of water on the coordinated carbonyl ligands, followed by
loss of HCI (Scheme I).

Insertion Mechanism. The mechanism depicted in
Scheme I accounts for the formation of the fumaric de-
rivative 3 by invoking an overall trans insertion of the
alkyne into the carboxyl ligand to form the vinyl complex
6. Strictly speaking, such a trans insertion is not the only
possible route for the formation of 3; in some cases, the
product which appears to be the result of a trans insertion
is in fact obtained from the (Z)-(E) isomerization of the
cis insertion product. One relevant example is the HCo-
(CO),-catalyzed hydrogenation of dimethyl acetylenedi-
carboxylate, where it was shown? that the major product,
dimethyl fumarate, results not from a trans insertion but

(24) (a) Osakada, K.; Doh, M.-K.; Ozawa, F.; Yamamoto, A. Organo-
metallics 1990, 9, 2197. (b) Yamamoto, T.; Sano, K.; Yamamoto, A. J.
Am. Chem. Soc. 1987, 109, 1092.

(25) Taylor, P.; Orchin, M. J. Organomet. Chem. 1971, 26, 389.
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from a (Z)-(E) isomerization of the cis insertion product,
dimethyl maleate. More recently, palladium has also been
shown? to affect such (Z)—(E) isomerizations with mixtures
of styrenes. Therefore, it is possible that the cis insertion
products are the kinetic products of the reaction, while the
formal trans insertion products are the thermodynamic
products.

In our system, however, it has been observed that, once
formed, the cis addition products 1 and 2 do not isomerize
to 3 under the reaction conditions (Table VI); hence, these
types of (Z)-(E) isomerizations cannot explain the for-
mation of 3. This raises the possibility that a trans in-
sertion is the source of 3; an important question here is
how such trans insertions might take place.

A review of the literature on the insertion of alkynes into
transition-metal-hydride and —alkyl bonds reveals an
abundance of precedents for the overall trans addition
reaction, which occurs either as the exclusive mode of
addition or in conjunction with the cis addition.2 % In
spite of this abundance of examples, however, there are
very few detailed mechanistic studies and little is known
about the mechanism of trans insertions. Some workers
have favored a concerted cis insertion of the alkyne into
the metal hydride or alkyl bond in the initial stage, fol-
lowed by a cis-trans isomerization of the thus formed vinyl
ligand. For instance, Stone et al.** and Schwartz et al.®
proposed a so-called dipolar mechanism of the cis-trans
isomerization of the vinyl ligand formed initially by a cis
insertion:

M M M
M—|]] — I;—: ;2:)\/
+|4 H HZ H
Q

The species Q can be thought of as a metastable inter-
mediate or simply as an extreme case of resonance delo-
calization. The main thrust of this mechanism is the no-
tion that the vinyl C==C bond weakens enought to allow
a rotation which results in the trans insertion product. A
similar version of this mechanism has been proposed by
Eerimanm for the insertion of alkynes into metal-alkyl

onds.

Although the above mechanism has proved useful in
explaining the insertion stereochemistry in some cases, it
has not received universal acceptance. Clark et al.,3 for
instance, have proposed radical mechanisms for some in-
sertion reactions. In contrast, Otsuka et al. have argued
that most transition-metal reaction mechanisms can not
be adequately described in purely ionic, radical, or con-
certed terms and most likely involve some combination of
all of these concepts. They have put forth a concerted,
kinetically and stereoelectronically controlled insertion

(26) Giles, R. G. F.; Lee Son, V. R.; Sargent, M. V. Aust. J. Chem.
1990, 43, 777.

(27) Rice, C,; Oliver, J. D. J. Organomet. Chem. 1978, 145, 121.

(28) (a) Huggins, J. M.; Bergman, R. G. J. Am. Chem. Soc. 1981, 103,
%0022. (b) Tremont, S. J.; Bergman, R. G. J. Organomet. Chem. 1977, 140,

12,

(29) (a) Booth, B. L.; Hargreaves, R. G. J. Chem. Soc. A 1970, 308, (b)
Booth, B. L.; Hargreaves, R. G. J. Organomet. Chem. 1971, 33, 365. (b)
Booth, B. L.; Lloyd, A. D. J. Organomet. Chem. 1972, 35, 195.

(30) (a) Harbourne, D.; Stone, F. G. A. J. Chem. Soc. A 1968, 1765. (b)
Bruce, M. L; Harbourne, D.; Waugh, F.; Stone, F. G. A. J. Chem. Soc. A
1968, 895. (c) Blackmore, T.; Bruce, M. L; Stone, F. G. A. J. Chem. Soc.,
Dalton Trans. 1974, 106.

(31) Hart, D. W.; Schwartz, J. J. Organomet. Chem. 1978, 87, C11.
15 9(3(2:) :l;lisch, J. J.; Manfre, R.; Konar, D. H. J. Organomet. Chem. 1978,

, C13.

(33) Appleton, T. G.; Chisholm, M. H,; Clark, H. C. J. Am. Chem. Soc.
1972, 94, 8912,

(34) (a) Otsuka, S.; Nakamura, A. Adv. Organomet. Chem. 1976, 245.
(b) Nakamura, A.; Otsuka, S. J. Mol. Catal. 1976, 285.
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mechanism with a four-centered, bimolecular transition
state that may be partially ionic or radical in character,
depending on subtle stereoelectronic effects.

At this stage, we cannot favor any one of the above
mentioned mechanisms for the trans insertion reaction that
is believed to be the source of product 3 in our system. Our
results can be explained by both the four-centred concerted
mechanism put forth by Otsuka et al. and by the following
cis-trans isomerization postulate:

R
.
;\ Pd_ _R Pd.__R Pd_ _R
P H — | = _ = |
o OH
\COOH OJH % HI(
OH OH )
7 6

The equilbrium distribution of 6 and 7 would presum-
ably be determined by a number of factors, including the
steric interactions between the R and acid groups. Thus,
less of the trans insertion product 6, and hence the fumaric

derivative 3, would be expected with bulky R groups; this
is borne out by the results (Table I).

Acknowledgment. We are grateful to British Petro-
leum for financial support and Dr. Fausto Calderazzo for
helpful discussions.

Registry No. 1 (R = Ph), 36122-35-7; 1 (R = ¢-Bu), 18261-07-9;
1 (R = CH(Me)Et), 134566-86-2; 1 (R = (CH,),Ph), 134566-87-3;
1 (R = (CH,)3Ph), 134566-88-4; 1 (R = (CH,)3Cl), 134566-89-5;
1 (R = (CHy);CN), 134566-90-8; 1 (R = (CH,);CH), 100378-66-3;
1 (R = (CH,);CHj), 90926-71-9; 2 (R = t-Bu), 18305-61-8; 2 (R
= CH(Me)Et), 134566-91-9; 2 (R = (CH,);Cl), 134566-92-0; 2 (R
= (CH,);CN), 134566-93-1; 2 (R = (CH,);CH,), 69665-12-9; 2 (R
= (CHy)sCHjy), 104505-48-8; 3 (R = CH(Me)Et), 6621-99-4; 3 (R
= (CH,),Ph), 5469-48-7; 3 (R = (CH,)sPh), 134566-94-2; 3 (R =
(CH,)sCl), 134566-95-3; 3 (R = (CH,);CN), 134566-96-4; 3 (R =
(CHy);CHjy), 5469-36-3; 3 (R = (CH,);CHj3), 71033-48-2; HC=CPh,
536-74-3; HCECC(CH:;)s, 917-92-0; HCECCH(CHs)Cﬂchs,
922-59-8; HC=C(CH_)Ph, 16520-62-0; HC=C(CH,);Ph, 1823-14-9;
HC=C(CH,);Cl], 14267-92-6; HC=C(CH,);CN, 14918-21-9;
HC=C(CH,);CHj3, 693-02-7; HC=C(CH,);CHj, 629-05-0; PdCl,,
7647-10-1; CuCl,, 7447-39-4; trans-2-octenoic acid, 1871-67-6.

Nucleophile/Electrophile Double Additions to
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The Cr(CO); group complexed selectively to the nonsubstituted ring of 1-methoxynaphthalene to give
(1-methoxynaphthalene)Cr(CO); (5). Nucleophilic addition of a series of sulfur-stabilized carbanions to
5 were studied. In general, this reaction, after oxidation, gave mixtures of all four regioisomeric disubstituted
naphthalenes. 2-(Methyldithianyl)lithium (9) and [(phenylthio)methyl}lithium (12) predominantly added
to the B-position of the coordinated ring of 5. The « positions were slightly favored with the more stabilized
carbanions [2-(trimethylsilyl)dithianyl]lithium (14) and [tris(methylthio)methyl]lithium (16), and, unlike
nucleophiles 9, 12, and dithianyllithium (6), these carbanions rearranged on warming to -10 °C to give
good selectivity for addition to C(5). In a synthetic application, 16 was added to complex 5, followed by
alkylation of the anionic benzocyclohexadienyl intermediate with methyl iodide, CO insertion and reductive
elimination to give, with 6:1 regioselectivity, the trans-1,2-disubstituted-1,2-dihydro-5-methoxynaphthalene
19a. This reaction introduced in a regio- and stereoselective manner an ester equivalent and an acetyl
group to C(5) and C(6) of the 1-methoxynaphthalene complex. Methanolysis of the orthothioformate, double
bond isomerization, reduction of the acetyl group, and introduction of the 2-OH group via epoxidation
yielded the target aklavinone AB ring intermediate 2.

Introduction

Recently, a novel trans stereoselective addition of a
carbon nucleophile and an acyl group across an arene
double bond was developed in these laboratories (eq 1).!
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It involves the activation of the arene via complexation to
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the electrophilic Cr(CO); group followed by a sequential
addition of a carbanion and an alkyl halide to the complex.
Nucleophiles add to the complexed arene from the side
opposite the metal, and subsequent alkylation takes place
at the metal center and is followed by CO insertion and
regio- and stereoselective acyl transfer to the endo face of
the cyclohexadienyl ligand.

It is well established that substituted arene complexes
readily undergo carbanion addition in a highly regiose-
lective manner.2 The double addition, if successful with
these substrates, could lead to useful alicyclic intermedi-

(1) Kundig, E. P.; Cunningham, A. F., Jr.; Paglia, P.; Simmons, D. P.;
Bergardinelli, G. Helv. Chim. Acta 1990, 73, 386 and earlier references
cited.

(2) Semmelhack, M. F.; Clark, G. R.; Garcia, J. L.; Harrison, J. J.;
Thebtaranonth, Y.; Wulff, W.; Yamashita, A. Tetrahedron 1981, 37, 3957
and earlier references cited.
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