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Abstract  –  The  pa l l ad ium-ca ta lyzed  ca rbonyla t ion  reac t ions  o f 

pentachloropyridine and 2,3,4,5-tetrachloropyridine were investigated in 

alcoholic or aqueous solvent.  The high boiling alcohol 2-ethyl-1-hexanol was an 

effective carbonylation solvent above 100 oC at 1 atm of CO, representing a 

convenient and simple method for carrying out transition metal catalyzed 

carbonylation reactions using standard laboratory glassware.  

 

 

INTRODUCTION 

Chlorinated pyridines exhibit a rich chemistry, including a wide range of known biological activity.1,2  

Since Milstein’s seminal publication of the palladium-catalyzed carbonylation of aryl chlorides promoted 

by chelating phosporous ligands in 1989,3 a number of investigators have reported the carbonylation of 

various substituted chlorinated pyridines,4-7 including the important work of Beller and co-workers in 

which the palladium catalyzed carbonylation of simple chloropyridines was reported with high catalyst 

turnover numbers (TON).5  No studies to date have reported the carbonylation of the polychlorinated 

systems 2,3,4,5-tetrachloropyridine (1) or pentachloropyridine (2).  Since the halogenated pyridines are 

available commercially,8 efficient methods of carbonylation of 1 or 2 would represent a potential low-cost 

preparation of pyridines having a high degree of functionalization.   

 
 
RESULTS AND DISCUSSION 

Carbonylation of pentachloropyridine (2) under CO pressure in ethanol solvent in the presence of base    

and a diphosphine ligand,4-7 gave predominantly the known 2,6 diester (4a) (Scheme 1).  The initially 



 

 

formed monoester intermediate (3a) could be observed by GC analysis, but was rapidly converted to 4a.  

By using more forcing reaction conditions of extended reaction time and the ligand 1,3- 

bis(diphenylphosphino)propane (DPPP) in place of the butane analogue gave higher levels of a triester 

carbonylation product that was isolated and purified by flash chromatography.  This product was readily 

identified by its 13C NMR spectrum as the 2,3,6-triester (5).  The deactivated nature of the 3-position 

relative to the 2-position for chloropyridine carbonylation reactions has been reported.4,5  The facile 

formation of a 2,6-dicarbonylation product likely results from coordination of palladium with the ring 

nitrogen, rendering the adjacent 2- and 6-positions favored for metal insertion, with subsequent insertion   

of CO.  The lack of products observed at the ring 4-position argues against a purely electronic effect 

whereby an electron-rich metal center attacks the most electrophilic 2-, 4-, or 6-position of the pyridine 

ring.   

Carbonylation of 2 under CO pressure in aqueous Et3N as the solvent medium, resulted in rapid 

consumption of CO at 80 oC, and gave the picolinic acids directly.  These conditions favored the 

monocarbonylation product (6) as the main reaction product in a 59% isolated yield, along with an 8%  

yield of the reduction/carbonylation product (7).  The formation of 7 likely arises from prior reduction of     

2 to 1 in-situ via the water gas shift reaction (WGSR),12 followed by carbonylation of 1 to form 7.  This 

reduction was not observed under non-aqueous conditions using alcoholic solvents.  Only low levels of    

the 2,6-diacid (8) were observed when the reaction was carried out in a basic aqueous medium.  This may 

be due to a more tightly bound catalyst metal center to the initially formed carboxylate anion of 6,  

rendering a second carbonylation at the 6-position less favored than that observed in alcoholic solvents.   

 

Scheme 1. Carbonylation of Polychlorinated Pyridines (1) and (2) 
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With the H2O/Et3N solvent system, black palladium catalyst solids could be isolated from the reaction 

medium by acetone washing of the initial filtered catalyst.  This may be helpful for the recovery of   

precious metal in an industrial process.  Metals analysis of the recovered black solids was not attempted.  

The re-use of the catalyst solids in the carbonylation reaction was also not attempted, but represents a  

future opportunity for development of a robust commercial process. 

Beller and co-workers have reported the use of neat alcohol solvent at low CO pressures as a medium for 

carbonylation reactions.5,13  In the course of our work, we sought to develop a general laboratory method  

for performing metal catalyzed carbonylation reactions under atmospheric conditions using standard 

laboratory glassware.  Since the solubility of CO in alcohol is known to increase with increasing chain 

length,14 we chose to investigate the high-boiling and inexpensive alcohol 2-ethyl-1-hexanol, which has 

excellent physical properties (mp –76 oC, bp 182-186 oC, flashpoint 77 oC) for consideration in an  

industrial as well as laboratory process.  Although no CO solubility data have been published for this 

alcohol, we anticipated that the solubility of CO should be sufficiently high to effect carbonylation 

reactions at atmospheric pressure at the temperatures above 100 oC typically required for rapid reaction 

rates.5   

The carbonylation of 2 at atmospheric pressure was effected by sparging CO into a 2-ethyl-1-hexanol 

solution at 125-140 oC with the Pd(OAc)2/DPPP catalyst system in the presence of Na2CO3 base.  After 3    

h > 90% of 2 had been consumed, and the 2,6-diester (4b) was the predominant product, with lesser 

amounts of the monoester (3b) present.  With extended reaction times and higher temperatures small 

amounts of a triester was observed by GC but was not isolated.  The products (3b) and (4b) were readily 

isolated by filtration of the reaction mixture, followed by removal of solvent in-vacuo and purified by    

flash chromatography.  A CO sparge rate of 0.08 mol/h was used, and a total of 3 molar equivalents were 

sparged into the reaction relative to 2.  Thus, it would appear that a high efficiency of CO use is possible 

with this method due to adequate solubility of CO under the reaction conditions.  Finally, the 2-mono-     

and 2,6-diesters (3) and (4) obtained by this method were readily saponified to the corresponding known 

acids (6) and (8) using standard conditions.19   

Likewise, the carbonylation of tetrachloropyridine (1) was effected at atmospheric pressure to give a 56% 

isolated yield of 3,4,5-trichloro-2-picolinic acid (7) after LiOH saponification of the unisolated 

intermediate ester.  The saponification step was carried out after salt removal by filtration, and utilized the 

2-ethyl-1-hexanol phase as the organic solvent.  With this approach, recycle of the alcohol phase back to a 

carbonylation reactor after extraction of the picolinic acid esters into the basic aqueous phase presents an 

opportunity for an industrially useful process.  

In conclusion, we report here a simplified approach to laboratory scale carbonylation reactions with   

carbon monoxide under atmospheric conditions in the solvent 2-ethyl-1-hexanol.  This method can be    



 

 

used to effect metal catalyzed carbonylation reactions in standard laboratory glassware without the need  

for more expensive pressure equipment.  The reactions can be carried out in a standard well-ventilated 

laboratory hood, with the critical proviso that readily available electronic carbon monoxide detector and 

alarm systems are used in the immediate vicinity.  

 

EXPERIMENTAL 

Note: Carbon monoxide should only be used in a well ventilated area, and the use of readily available 

electronic detection systems designed to alarm well below the lethal limit of 300 ppm CO is highly 

recommended.  Reactions with CO pressure were carried out in a well-ventilated explosion proof cubicle 

with a CO detection and alarm system.  Reaction vessels were standard Parr pressure reactors of 316 SS     

or Hastelloy construction.  Reactions using CO under atmospheric conditions were carried out in a well- 

ventilated fume hood using hand-held electronic CO detector systems in the vicinity.  Polychlorinated 

pyridines (1) and (2) were obtained from Dow AgroSciences and Aldrich, respectively.  Solvents, 

palladium catalysts, and phosphine ligands were obtained from Aldrich.  Reverse phase gradient HPLC 

(CH3CN/H2O) analyses of pyridine and picolinic acid derivatives were carried out using an Rx C8 column 

and o-toluic acid as internal standard.  Chlorinated pyridines and picolinic acid esters were also analyzed by 

megabore GC using a DB-5 column. 

Pressure Carbonylation of 2 in Ethanol – Preparation of 3,4,5-Trichloropyridine-2,6-dicarboxylic 

Acid Diethyl Ester (4a)15 and 4,5-Dichloro-2,3,6-tripicolinic Acid Triethyl Ester (5).  

Pentachloropyridine (2) (5.35 g, 0.021 mol),  Pd(OAc)2 (0.3054 g, 0.00136 mol), 1,4- 

bis(diphenylphosphino)butane (DPPB, 0.5971 g, 0.0014 mol), and Na2CO3 (2.27 g, 0.0214 mol) were 

placed into a 100 mL pressure reactor with 50 mL dry EtOH, purged with N2 then pressurized to 21 bar    

CO.  The reactor was stirred and heated to 100 oC for 20 h.  During this time a small pressure drop was 

observed.  The reactor was cooled and vented and the contents filtered through Celite to give 6.84 g of   

light orange oil after solvent evaporation.  Analysis by GC showed complete conversion of 2 and a GC 

area % purity of 88% diester (4a).15  The product was purified by flash chromatography (90/10 

hexane/EtOAc) to give a colorless oil; 13C NMR (CDCl3) δ 163.1, 147.5, 144.3, 131.2, 62.9, 14.1 ppm; 

mass spectrum showed the highest fragment of m/z 281 (parent ion minus ethoxy radical).   

In a similar manner, pressure carbonylation of 2 was carried out as above but using the ligand 1,3- 

bis(diphenylphosphino)propane (DPPP) and an extended reaction time gave a product containing higher 

levels of triester (5).  The product was purified by flash chromatography as above, and 5 was obtained as      

a viscous colorless oil; 13C NMR (CDCl3) δ 163.3, 163.1, 162.6, 150.2, 143.5, 142.5, 133.6, 132.1, 63.1, 

63.0, 62.7, 14.0, 13.9 ppm; 1H NMR (CDCl3) δ 4.44 (m, 6 H), 1.38 (m, 9 H); mass spectrum showed the 

highest fragment of m/z 319 (parent ion minus EtO radical). 



 

 

Pressure Carbonylation of 2 Under Aqueous Conditions – Preparation of 3,4,5,6-Tetrachloro-2- 

picolinic Acid (6).16  Pentachloropyridine (2) (42.13 g, 0.1676 mol), Pd(OAc)2 (0.6764 g, 0.003 mol), 1,3- 

bis(diphenylphosphino)propane (DPPP, 1.2189 g, 0.003 mol), hydroquinone (1.1389 g, 0.010 mol), Et3N 

(76 mL, 0.545 mol), and 77 mL of water were weighed into a 450 mL Hastaloy C pressure reactor,  

purged with N2 and pressurized to 27 bar CO.  The reactor was stirred and heated to 80 oC for 3 h.  After     

45 min the reactor pressure had dropped to 20 bar, and the reactor was re-pressurized to 27 bar with 

additional CO.  After 3 h at 80 oC, consumption of CO had ceased.  The reactor was cooled and vented to 

give a dark homogeneous solution with a small amount of black insoluble catalyst fines.  The solution     

was diluted with water and filtered to remove catalyst solids, which were obtained as a black tar-like 

material.  The aqueous filtrate was acidified with conc. HCl to give a white precipitate of crude 6.  The 

white solid was collected on a funnel and rinsed with an excess of water and vacuum dried to give 33.71 g 

of dry white solid.  Product analysis with HPLC using o-toluic acid as an internal standard showed 77% 

3,4,5,6-tetrachloropicolinic acid (6)16 (25.96 g, 59% yield) and 8% of the reduction product 3,4,5- 

trichloro-2-picolinic acid (7).17  This product also contained some Et3N.HCl salt, observed by NMR.  The 

black tar-like catalyst material isolated above was dissolved in acetone and filtered to give 0.19 g of black 

Pd solid.  Evaporation of the acetone filtrate gave 1.97 g of a brown oily residue.   

In a similar manner, the same reaction was carried out with 5% Pd/C catalyst20 (5.15 g, 0.002 mol) and 

DPPP (1.002 g, 0.002 mol) at 80 oC and 29 bar CO pressure for 17 h.  The reaction was worked up as    

above to give 6.47 g of recovered black catalyst solids after drying, and 39.57 g of crude 6 as a white      

solid.  Product analysis by HPLC using o-toluic acid as internal standard showed 60.8% 6 (24.06 g, 55% 

yield) and 15% reduction/carbonylation product (7) (5.94 g, 15% yield).   

Carbonylation of 2 at Atmospheric Pressure in 2-Ethyl-1-hexanol.  Pentachloropyridine (2) (20.30 g, 

0.0808 mol), Pd(OAc)2 (0.3429, 0.0015 mol), 1,3-bis(diphenylphosphino)propane (DPPP, 1.0199 g, 

0.0025 mol), Na2CO3 (10.36 g, 0.098 mol) and 250 mL of 2-ethyl-1-hexanol were weighed into a 1 L 

three-necked glass round bottom flask fitted with a Teflon inlet sparge tube, an overhead stirrer, and a     

cold water condenser.  The stirring reactor was heated to 125 oC with a heating mantle and controller.  

During heat up CO gas was sparged below the liquid surface at a rate of 0.08 mol/h.  The stirring slurry 

remained colorless throughout the reaction.  After 2.5 h at 125 oC, the reactor temperature was raised to   

140 oC for another 30 min, then the heat was removed and the CO sparge stopped.  The slurry was cooled, 

filtered, and evaporated under vacuum to give a viscous oil consisting of a mixture of 15.1% monoester 

(3b), 68.4% 2,6-diester (4b), and 9.6% unreacted 2 by area % GC analysis.  The products were purified     

by flash chromatography (80/20 toluene/hexane).  Monoester (3b): 13C NMR (CDCl3) δ 163.0, 147.9, 

146.7, 144.5, 132.4, 128.6, 69.3, 38.3, 30.4, 28.9, 23.8, 23.0, 14.0, 11.0 ppm.  Anal. Calcd for       

C14H17NO2Cl4:  C, 45.07; H, 4.59; N, 3.75; Cl, 38.01. Found:  C, 45.31; H, 4.74; N, 3.77; Cl, 36.94.  2,6- 



 

 

Diester (4b): 13C NMR (CDCl3) δ 163.5, 147.8, 144.1, 130.9, 69.1, 38.8, 30.3, 28.9, 23.7, 23.0, 14.0, 11.0 

ppm.  Anal. Calcd for C21H34NO4Cl3:  C, 55.82; H, 6.93; N, 2.83; Cl, 21.49. Found:  C, 56.03; H, 7.11; N, 

2.88; Cl, 21.19. 

Carbonylation of 1 at Atmospheric Pressure in 2-Ethyl-1-hexanol – Preparation of 3,4,5-Trichloro- 

2-picolinic acid (7).  To a 50-mL flask purged with N2 were added 2,3,4,5-tetrachloropyridine (1)18 (4.30 g, 

0.020 mol), Na2CO3 (2.60 g, 0.025 mol), and 2-ethyl-1-hexanol (30 mL).  The mixture was heated to 80 

°C.  To a separate 25-mL flask purged with N2 were added Pd(OAc)2 (340 mg, 1.5 mmol), 1,3- 

bis(diphenylphosphino)propane (0.770 g, 0.00187 mol), and 2-ethyl-1-hexanol (8 mL).  The catalyst 

mixture was heated to 60 °C and was stirred for 30 min.  This dark brown catalyst solution was      

transferred to the chloropyridine mixture through a syringe.  CO gas was bubbled into the reaction     

mixture through a needle with its tip subsurface.  The reaction mixture was heated to 120-130 °C and CO 

was added until GC analysis showed all of 1 was converted to the ester.  The yellow reaction slurry was 

cooled to 80 °C and filtered.  The filtrate was added to the original flask.  LiOH.H2O (1.20 g, 29 mmol)    

and water (10 mL) were added.  The reaction was heated to 90 °C, held for 1 h, and cooled to rt.  Water     

(10 mL) and hexanes (10 mL) were added to the mixture.  The phases were separated and the aqueous   

phase was further extracted with hexanes (20 mL x 2).  To the aqueous phase was added concentrated     

HCl aqueous solution until pH was about 1.  The resulting white precipitate was collected by filtration, 

washed with cold water, and dried in an oven to give 3,4,5-trichloro-2-picolinic acid (7) as a white     

powder (2.50 g, 56%).  This product has the same 1H and 13C NMR spectra as that of an authentic sample: 

mp 173-175 °C (decomp, lit.,17 161 oC); 1H NMR (300 MHz, DMSOd6) δ 8.77 (s, 1 H), 14.0 (br s, 1 H);   
13C NMR (75 MHz, DMSOd6) δ 127.6, 131.9, 141.2, 147.4, 149.4, 165.0. 
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