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Optimized conditions are described that effect the carbonylation of diverse heterocyclic chlorides to yield the desired alkyl esters. In addition,
bromoanilines and bromoanisoles, which normally are poor substrates under standard carbonylation protocols, were efficiently converted to
the desired products under these new conditions. The nature of the metal bidentate ligand complex was found to be critical. Specifically, a

correlation between ligand bite angle and catalytic efficiency is documented.

The quest to activate aryl chloride bonds catalytically has expensive and often more readily available compared to the

resulted in notable advances over the past detatle.metal-

catalyzed carbonylation of aryl chlorides is of particular
interest, as it provides synthetically useful carbonyl deriva-
tives? In addition, the aromatic chlorides are typically less
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corresponding aromatic bromo, iodo, and triflate derivatives.
Metal catalysts employing bidentate ligands as part of their
coordination complex have been used successfully by both
the Milstein and Beller groups in the carbonylation of
chlorobenzené.Milstein et al® utilized a bis(diisopropyl
phosphino)propane (dippp) palladium complex, whereas
Beller et al. employed a palladium catalyst generated from
one of the commercially available Josiphos ligaffds.
Although these findings represent a significant advance in
the field and effect excellent carbonylation reactions of
simple aryl chlorides, they both have drawbacks. The dippp
ligand is currently not commercially available and can be
difficult to prepare, whereas the Josiphos ligands must be
used in large excess relative to the metal in order to keep
the palladium in solution. We recently required an efficient
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carbonylation of a halo-pyridine that would be practical and  Carbonylation of 2,5-dichloropyridine with 1 mol %

amenable for large-scale synthesis. In this manuscript, we(BINAP)PdC} at 50 psig of CO pressure and 100 with

disclose our findings in this regard and specifically document triethylamine (2 equiv) in methanol resulted in smooth

a correlation between catalyst activity and bidentate ligand transformation to the dimethyl 2,5-dicarboxypyridine in 8 h

bite angle. (Table 2, entry 2). There was no evidence of palladium black
We initiated a catalyst screening for the carbonylation of

halo-pyridines and noted an exceptional rate enhancemen_

with the use of the catalystac-BINAP)PdC} in comparison Table 2. Carbonvlation of Het lic Chlorid
to palladium catalysts containing monodentate ligands. For able . Larbonylation of Heterocyciic Lhlondes

example, 2,5-dibromopyridine was dicarbonylated wittt{ N (BINAP)PACI> 1 mol% N
BINAP)PACL to produce dimethyl-2,5-dicarboxypyridine in | L Egg gfp:?g”"’ | X coome
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23 mol% catalyst used.

conversion was markedly dependent upon the bite angle of
the ligand. The most active catalysts were those containing
bidentate phosphine ligands with a natural bite angle neardeposition during the course of the reaction, which indicates
90°, with the one exception of Xantphos (£18 The optimal the excellent stability of this catalyst system, and no reduced
ligands for carbonylation of 2-chloropyridine in methanol pyridine products were noted.
under relatively low CO pressure conditions weng- Methanol was an adequate solvent; it was not necessary
BINAP, tol-BINAP, dppp, and Xantphos. to use the more CO-solubilizing solvembutanol® Attempts
(rac)-BINAP is readily available, air-stable, and one of to extend the scope of these conditions to chlorobenzene with
the least expensive bidentate ligands. We decided to explorg BINAP)PdCL failed; however, other heterocyclic substrates
the capabilities of (BINAP)PdGhs a carbonylation catalyst underwent good conversion to provide the desired ester
for more challenging substrates: aromatic chlorides and products. The carbonylation of 2,3-dichloropyridine (entry
electron-rich aromatic bromides.

(5) For a definition of natural bite angle see: Casey, C. P.; Whiteker,
(4) Xantphos has been shown capable of migtandtrans coordination G. T.lIsr. J. Chem1990,30, 299—304.

modes. See: Yin, J.; Buchwald, S.L.Am. Chem. So2002 124, 6043~ (6) For a comparative study of solubility of CO in alcohols, see: Tonner,
6048. (b) Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Reek, J. NAdd. S. P.; Wainwright, M. S.; Trimm, D. LJ. Chem. Eng. Datd 983, 28,
Chem. Res2001,34, 895—904. 59-61.
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3) was notably slower than that of 2,5-dichloropyridine (entry
2). 3-Chloropyridine is an exception (entry 4), as it was inert
under our conditions. Reaction of 2-fluoro-3-chloro-5-tri-
fluoromethylpyridine (entry 5) returned two products. The
major product was the expected 3-carboxypyridine com-
pound. The minor product, surprisingly, was the 2,3-dicar-
boxypyridine compound. The minor product is not formed
from the major, as resubjecting the major product to the
carbonylation conditions did not generate the minor product.
It is likely that a chloride ion in the reaction solution dis-
placed the fluoride at the 2-position of the pyridine ring,
followed by carbonylation at that position.

Carbonylation of bromoaniline substrates is difficult and

is usually accomplished by amine protection to modulate the

electron density of the aniline rifgEmploying the mild
(BINAP)PdCL conditions, bottp-bromoaniline anan-bro-

moaniline were smoothly transformed to the corresponding
esters in excellent yields overnight (Table 3). The conversion

Table 3. Carbonylation of Bromoanilines and Bromoanisoles
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MeOH, 100 °C
entry aryl bromide product time (h) vield (%)

T N S
AN Br  H,N COOMe

2 @ @ 16 98
HoN Br Hy;N COOMe

S s B SR

4 MeOOBr MeOOCOOMe 16 96
Br COOMe

MeO 16 99

o
=
@
&

of p-bromoaniline was more sluggish and only 50% complete

aryl group and subsequent generation of the acyl palladium
complex. The acyl complex then reacts with a nucleophile
such as an alcohol or amine to give ester or amide products.
Although the mechanism involving a palladium catalyst
containing a rigid bisphosphine bidentate ligand could occur
similarly, it would be less entropically favored for one of
the phosphines to dissociate completélyhis suggests that
the carbonylation involving the bisphosphine ligands may
proceed via an alternate mechanism. A few possible path-
ways are outlined below and summarized in Scheme 2.

Scheme 2
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As in the standard mechanism, the process is initiated with
reduction ofl to produce a reactive Pd(0) compléxwhich
oxidatively adds to the ArX bond to generate compléi
(Scheme 2). At this point, CO may interact witlh either
axially or equatorially. The axial approachlid leads to a
five-coordinate compleXV, reminiscent of the interaction
between CO and Vaska’s compl&xThe ~90° ligand bite
angle is optimized for the square pyramidal geometrivaf
Aryl migration to CO restores the square planar geometry
as the acyl complex.

The equatorial approach requires some reorganization of
ligands around the metal center, resulting in complexes of

at 48 h. Bromoanisoles were also cleanly carbonylated to the general typ&/, VI, and VII.

produce methoxybenzoic esters in excellent yietd&ro-
moanisole ang-bromoanisole both performed equally well
under these mild conditions.

The mechanism of palladium-catalyzed carbonylation reac-

tions employing monodentate ligands has been investigate
by several group%The mechanism often invoked requires
a dissociation of one of the phosphine ligands to provide
the coordinatively unsaturated metal complex followed by
ligation to carbon monoxide, followed by migration of the

(7) Mahmud, H.; Lovely, C. J.; Dias, H. V. Rletrahedron2001,57,
4095—4105. (b) Lovely, C. J.; Mahmud, Hetrahedron Lett1999, 40,
2079—2082. (c) Torisawa, Y.; Nishi, T.; Minamikawa, JBlioorg. Med.
Chem. Lett2000, 10, 2493—2495. (d) Lapidus, A. L.; Petrovskii, K. B.;
Bruk, L. G.; Beletskaya, |. PRuss. J. Org. Cheni.999,35, 1636—1639.
(e) Yun, W, Li, S.; Wang, B.; Chen, [Tetrahedron Lett2001,42, 175—
177. (f) Cai, M.-Z.; Song, C.-S.; Huang, %ynth. Commuri997 27, 361—
366. (g) Devi, R.; Pardhasaradhi, M.; lyengar, DT8trahedrornl 994,50,
2543—2550. (h) Davies, S. G.; Goodwin, C. J.; Pyatt, D.; Smith, AJD.
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988,110, 2816—2820.
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1987 6, 1640-1651. (c) Lin, Y.-S.; Yamamoto, AOrganometallicsL998
17, 3466—3478. (d) van Leeuwen, P. W. N. M.; Zuideveld, M. A.;
Swennenhuis, B. H. G.; Freixa, Z.; Kamer, P. C. J.; Goubitz, K.; Fraanje,
J.; Lutz, M.; Spek, A. LJ. Am. Chem. SoQ003,125, 5523—5539.
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reported for an osmium cluster: Prestopino, F.; Persson, R.; Monari, M.;
Focci, N.; Nordlander, Bnorg. Chem. Commuri998, 302—304. (b) For
an example of carbonylation of neutral palladium complexes containing
hemi-labile bidentate ligands, see: Frankcombe, K.; Cavell, K.; Knott, R.;
Yates, B.Chem. Commuril996, 781—782.

(11) (a) Vaska, LJ. Am. Chem. S0d.966,88, 4100—4101. (b) Abu-
Hasanayn, F.; Krogh-Jerspersen, K.; Goldman, AJ.SAm. Chem. Soc.
1994,116, 5979—5980. (c) Aullon, G.; Alvarez, Biorg. Chem1996,35,
3137—-3144. (d) Kanzelberger, M.; Zhang, X.; Emge, T. J.; Goldman, A.
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Trigonal bipyramidal complexes of Pd and Pt have been

group may not necessarily come éis to the Ar group as

described and have been postulated as intermediates irdrawn in Scheme 2. Arans arrangement would require

reaction pathway® The coordinatively saturated intermedi-
ate V offers several advantages. Fof uhetals, electron
density is greater in they plane than along theaxis in the

reorganization to enable migration and acyl complex forma-
tion. ComplexedV, V, and VIl enforce the requisiteis
geometry. Comple¥| may not be a productive intermediate

trigonal pyramidal geometry, and so bond formation should for the carbonylation reaction with bidentate ligands.

be favored in the equatorial plane with back-bonding ligands  The cationic comple¥Il maintains the preferred square
such as CO. To accommodate the incoming equatorial COplanar geometry_ Presuma%” iS formed through a five_
ligand, thes-donating Ar and X groups are both pushed out coordinate intermediate where CO replaces the X group.
of the plane. The axiab-donating Ar and X ligands may  Although cationic Pd(Il) complexes have been shown to be
exert a stabilizing influence on the trigonal pyramidal ery active catalysts for polymerization reactions of CO with
Pd(ll) complex. The lability of the axial Ar group makes gthylene, preliminary experiments show minimal effects due
migration facile. The preference for equatorial ligation of g changes of the counterion. After migration, an open
good back-bonding ethylene ligands and the stabilizing coordination site is filled by the returning X, which recon-
influence of the axial Ar group is precedented for trigonal ctjtytes the square planar geometry. Studies are underway
bipyramidal complexes (analogous ¥ arising from the {5 getermine which pathway(s) is operative for our system.
analogous square planar Pd(ll) and Pt(ll) complexes contain- In conclusion, we have developed the use of (BINAP)-

ing chelating Ilga_nds with small bite anglés. ) PdCL as an air-stable and robust carbonylation catalyst for
Complex VI arises from one of the phosphines of the 4riq,s heteroaromatic chlorides, as well as for electronically

bidentate ligand moving into the axial position as Cco challenging bromides. (BINAP)PdgIs simple to prepare,
approaches. Here clearly,~e90° bite angle could stabilize  o|atively inexpensive, and stable to air. The conditions for

the intermediate. However, in complexes of tyfle the CO carbonylation are relatively mild (50 psig CO, 160, and

2@ A C Jumd e Chom Re9000.33. 31431 a slight excess of tertiary amine base) and provide products
a) Amatore, C.; Jutand, Acc. em. Re: , 93, - . H : .

(b) Frankcombe, K.; Cavell, K.; Knott, R.; Yates, BrganometallicsL997, in good FO excellent Yle|dS. (BINAP)PdZE a practlcal and

16, 3199-3206. (c) Chen, J. T.; Yeh, Y.-S.; Yang, C.-S.; Tsai, F.-Y.; Huang, €conomical alternative for the carbonylation of several

G.-L.; Shu, B.-C.; Huang, T.-M.; Chen, Y.-S.; Lee, G.-H.; Cheng, M.-C.; i i i i

Wang, C.-C.; Wang, YOrganometallics1994 13, 4804-4824. (d) Bryndza, heterocyclic chIonQes ar.]d aromat.lc bromides. We are

H. Organometallics1985, 4, 1686—1687. (e) Macgregor, S.; Neave, G. currently engaged in studies to elucidate the mechanism of

the carbonylation and identity of the active intermediates.

W. Organometallic2003,22, 4547—4556. (f) Anderson, G. K.; Cross, R.
J.Acc. Chem. Re4984 17, 67—74. (g) Fanizzi, F. P.; Maresca, L.; Pacifico,
C.; Natile, G.; Lanfranchi, M.; Tiripicchio, AEur. J. Inorg. Chem1999,
1351—1358. (h) De Felice, V.; Albano, V. G.; Castellari, C.; Cucciolito,
M. E.; De Renzi, AJ. Organomet. Chenl991,403, 269—277.
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