Palladium on Carbon

[7440-05-3]-Pd -Palladium on Carbon (MW 106.42)

(catalyst for hydrogenation of alkenes, alkynes, ketones, nitriles, imines, azides, nitro groups, benzenoid
and heterocyclic aromatics; used for hydrogenolysis of cyclopropanes, benzyl derivatives, epoxides,
hydrazines, and halides; used to dehydrogenate aromatics and deformylate aldehydes)

Solubility: insol all organic solvents and aqueous acidic media.

Form Supplied in:black powder or pellets containing 0.5-30 wt % of Pd (typically 5 wt %); can be either
dry or moist (50 wt % of H20).

Analysis of Reagent Purity: atomic absorption.

Handling, Storage, and Precautions:can be stored safely in a closed container under air but away from
solvents and potential poisons such as sulfur- and phosphorus-containing compounds. Pyrophoric in the
presence of solvents. General precautions for handling hydrogenation catalysts should be followed. The
catalyst must be suspended in the organic solvent under an atmosphere of N2. During filtration the filter
cake must not be allowed to go dry. If a filter aid is necessary, a cellulose-based material should be used if

catalyst recovery is desired.

Hydrogenation and Hydrogenolysis: Carbon-Carbon Bonds.

The use of Pd/C for the selective reduction of alkynes to alkenes is generally not satisfactory, but a few
examples have been reported. For example, the Pd/C-catalyzed reduction of 3,6-dimethyl-4-octyne-3,6-
diol gave the enediol in 98% yield after absorption of 1 mol of H».! Further reduction gave the diol in 99%
yield. Pd on other supports, such as Pd/CaCOs and Pd/BaCOs, are much more effective for this conversion.
Pd/C is usually used for the complete saturation of alkynes and alkenes to their corresponding
hydrocarbons.? In some instances, isomerization of the double bond during hydrogenation occurs before
reduction, which leads to unexpected results. For example, reduction of car-3-ene gave the cycloheptane

with Pd/C instead of the expected cyclohexane derivative (eq1).?
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Isomerization of a double bond from one position to a hydrogenation inaccessible location has also been

observed (eq 2).*
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Next to the reduction of nitro groups, double and trlple bonds are generally the next easiest functional
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groups to undergo hydrogenation. Some less reactive functional groups include ketones,’ esters,® benzyl
ethers,” epoxides,® and N-O bonds.” These remain intact under conditions needed to reduce alkenes and

alkynes. Under longer reaction times and/or more forcing conditions, some of these functional groups will
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also be affected. Allylboron compounds can be hydrogenated to the propylboron derivatives, the C-B bond

remaining intact (eq 3).!°
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Treatment of acylated aldonolactones with hydrogen in the presence of Pd/C and triethylamine provided
3-deoxyaldonolactones in excellent yields (eq 4)."! The a,b-unsaturated intermediate was hydrogenated
stereospecifically to give the product. Substituting Pd with Pt catalysts gave the 2-acetoxy hydrogenolyzed
product (1) instead. Hydrogenolysis of the acetate preceded the double bond hydrogenation.
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Hydrogenolysis of C-C bonds using Pd/C is mainly limited to cyclopropane opening. The less substituted
and electronically activated bond cleavage is preferred. An example is shown in (eq 5).!?
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Carbon-Nitrogen Bonds

The hydrogenation of nitriles to primary amines is best accomplished with Pd/C in acidic media or in the
presence of ammonia. In the absence of acid or ammonia, a mixture of primary and secondary amines is
observed. This effect was taken advantage of and mixed secondary amines were obtained selectively by the
reduction of a nitrile in the presence of a different amine (eq 6).> Hydrogenation in aqueous acidic

conditions can lead to aldehydes and/or alcohols.!

Pd/C
BuCN + BuNH; (CsHihNH + BuNHC:H{; (6)
H, 16 h
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Reductive alkylation is a convenient and efficient way of obtaining secondary and tertiary amines." N,N-
Dimethyl! tertiary amines can be obtained from both aromatic and aliphatic primary amines or their
precursors. Using a-methylbenzylamine as the chiral auxiliary, highly diastereoselective reduction of the

intermediate imine has been observed (eq 7).1°
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This method also provides a convenient route to nitrogen containing heterocycles. Hydrogenolysis of the
Cbz group followed by an in situ reductive alkylation process gave a bicyclic heterocycle (eq 8).17 The

alkene was also reduced.
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Other amine precursors, such as azides, can be utilized in the reductive alkylation reaction. For example,
a furanose ring was opened and reclosed to form a piperidine ring system (eq 9).!8 A pyranyl azide similarly

provided the seven-membered nitrogen heterocycle.

N3
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Similar to nitriles, hydrogenation of oximes is best carried out under acidic conditions to minimize
secondary amine formation."”

Benzylic amines can be readily hydrogenolyzed to give less alkylated amines.”® The C-N bond can be
cleaved under both transfer hydrogenation? and regular hydrogenation conditions.?” In many cases the

newly debenzylated amines can further react, resulting in more structurally complex products (eq 10).%?
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The heterogeneous catalytic debenzylation of N-benzylated amides with Pd/C is generally a difficult
process and should not be considered in a synthetic scheme.

Allylamines have also been deallylated using Pd/C catalysis (eq 11).>*
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Aziridines are hydrogenolyzed to give ring-opened amines. In eq 12, the more reactive benzylic C-N bond

was cleaved selectively.?
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Carbon-Oxygen Bonds

Pd/C is best suited for the hydrogenation and hydrogenolysis of benzylic ketones and aldehydes. The
reduction of dialkyl ketones to the alcohols is more sluggish and further hydrogenolysis to the alkane is
even slower.”® The hydrogenation of benzylic ketones (aryl alkyl and diaryl ketones) to alcohols is a very
facile process with Pd/C.?” Further hydrogenolysis of the benzylic alcohols to the alkane products can be
a major problem with Pd/C catalysts, but can be controlled.?® In general, aryl ketones and aldehydes can
be reduced to alcohols under neutral conditions or in the presence of an amino functional group or an
added amine base.?” In the presence of acids, hydrogenolysis is more prone to occur. Using other catalysts
such as Platinum on Carbon Ru/C, Rh/C and Raney Nickel, is an alternative.

Trifluoromethyl ketones are reduced to alcohols without dehalogenation or further hydrogenolysis.*® The
hydrogenation of a chiral proline derivative provided the a-hydroxyamide product in 77% de and 1009%

yield (eq13).%!
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Hydrogenolysis of a benzyl group attached to an oxygen atom is a common step in complex synthetic
schemes. Benzyl esters,*”> benzyl carbamates,** and benzyl ethers** are readily hydrogenolyzed to acids,
amines, and alcohols, respectively. N-Oxides protected as the benzyl ethers can be deprotected without
hydrogenolysis of the N-O bond.* Hydrazines protected with benzyloxycarbonyl (Cbz) groups have been
deprotected without N-N bond cleavage or the hydrogenolysis of benzylic C-O bonds (eq 14).%
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Benzyl carbamates have been transformed into t-butyl carbamates under transfer-hydrogenolysis
conditions, but high catalyst loading was needed (eq 15).3” A benzyl ether function survived these reaction
conditions but a 1-alkene was saturated.
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1,2-Diols protected as the acetal of benzaldehyde were deprotected under hydrogenolysis conditions (eq
16).%8
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3-Acyltetronic acids were easily hydrogenolyzed to 3-alkyltetronic acids. Further reduction of the enol

was not observed under the reaction conditions (eq 17).%
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The C-O bond of epoxides can be hydrogenolyzed to give alcohols. Regioselective epoxide ring opening

has been observed in some cases (eq 18).%
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Nitrogen-Oxygen Bonds

Both aliphatic and aromatic nitro groups are reduced to the corresponding amines (eq 19).#! N-O bonds
are also readily hydrogenolyzed using Pd/C (eq 20).4%
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Carbon-Halogen Bonds.

Aromatic halides (Cl, Br, I) are readily hydrogenolyzed with Pd/C.#> The reaction generally requires the
presence of a base to neutralize the acid formed. In the absence of an acid neutralizer, dehalogenation is
slower and may stop short of completion. Vinyl halides are also dehalogenated but concomitant saturation
of the alkene can also occur (eq 21).#42 Defluorination is a very slow process but one case has been reported
(eq22).%
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Selective dehalogenation of acyl halides can also be carried out with Pd/C and H; in the presence of an
amine base to give aldehydes. This type of dehalogenation is commonly known as Rosenmund reduction

(see Palladium on Barium Sulfate).*®

Nitrogen-Nitrogen Bonds

Azides* and diazo*® compounds can be reduced over Pd/C to give amines. These groups have also been
used as latent amines which, when hydrogenolyzed, can react with amine-sensitive functional groups in

the molecule to give other amine products (eq 23).4
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Carbocyclic and Heterocyclic Aromatics

Hydrogenation of carbocyclic aromatic compounds can be accomplished with Pd/C under a variety of
reaction conditions.* The conditions are generally more vigorous than those used with Pt or Rh catalysts.
Pyridine and pyridinium derivatives are hydrogenated readily to give piperidines.®® Other heterocyclic
aromatic ring systems such as furan,” benzofuran,> thiophene,” pyrrole,>* indole,” quinoline,

pyrazine,” and pyrimidine>® have also been hydrogenated over Pd/C.

Dehydrogenation



At high temperatures, Pd/C is an effective dehydrogenation catalyst to provide carbocyclic and
heterocyclic aromatic compounds.®® An enone has been converted to a phenol (eq 24)°* and a

methoxycyclohexene derivative has provided an anisyl product (eq 25).>8
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Miscellaneous Reactions

Decarbonylations can be carried out under the same conditions used for dehydrogenation (eq 26).°° In this

case, a trisubstituted alkene remained intact.

Pd'C
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Reduction of an acylsilane gave an aldehyde without further hydrogenation to the alcohol or the
hydrogenolysis of the benzyl ether (eq 27).9!
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Pd/C also catalyzed the cycloaddition reaction of an alkyne with a heterocycle to give a tricyclic

heteroaromatic compound (eq 28).9?

28

SMe
In conjunction with Copper(1l) Chloride, Pd/C catalyzed the biscarbonylation of norbornene derivatives
(eq 29).%® Norbornadiene itself was tetracarbonylated but in only 30% yield.
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Palladium on Barium Sulfate, Palladium(1l) Chloride, Palladium(1l) Chloride-Copper(1l) Chloride,
Palladium-Graphite.

1. Tedeschi, R. J.; McMahon, H. C.; Pawlak, M. S. ANY 1967, 145, 91.

2. (a) Vitali, R.; Caccia, G.; Gardi, R. JOC1972, 37, 3745. Overman, L. E.; Jessup, G. H. JACS 1978, 100, 5179.
Cortese, N. A;; Heck, R. F. JOC 1978, 43, 3985. Olah, G. A.; Surya Prakash, G. K. $ 1978, 397. (b) Baker, R;;
Boyes, R. H. O.; Broom, D. M. P.; O'Mahony, M. J.; Swain, C. J. JCS(PI) 1987, 1613. Cossy, J.; Pete, ].-P. BSF
1988, 989. Taylor, E. C.; Wong, G. S. K. JOC 1989, 54, 3618.

3. Cocker, W.; Shannon, P. V. R.; Staniland, P. A. JCS(C) 1966, 41.

4. (a) Greene, A. E; Serra, A. A; Barreiro, E. J.; Costa, P. R. R. JOC 1987, 52, 1169. (b) Flann, C. J.; Overman,
L. E. JACS 1987, 109, 6115.

5. Attah-poku, S. K.; Chau, F.; Yadav, V. K; Fallis, A. G. JOC 1985, 50, 3418.

6. Sato, M.; Sakaki, ].; Sugita, Y.; Nakano, T.; Kaneko, C. TL 1990, 31, 7463.

7. Tsuda, Y.; Hosoi, S.; Goto, Y. CPB 1991, 39, 18.

8. Vekemans, J. A. J. M; Dapperens, C. W. M,; Claessen, R.; Koten, A. M. J.; Godefroi, E. F.; Chittenden, G.
J. F.JOC1990, 55, 5336.

9.Tida, H.; Watanabe, Y.; Kibayashi, C. JACS 1985, 107, 5534.

10. Brown, H. C.; Rangaishenvi, M. V. TL 1990, 31, 7115.

11. Bock, K.; Lundt, L.; Pedersen, C. ACS 1981, 35, 155.

12. Srikrishna, A.; Nagaraju, S. JCS(PI) 1991, 657.

13. Rylander, P. N.; Hasbrouck, L.; Karpenko, I. ANY 1973, 214, 100.

14. Bredereck, H.; Simchen G.; Traut, H. CB 1967, 100, 3664. Mizzoni, R. H.; Lucas, R. A.; Smith, R.; Boxer,
J.; Brown, J. E.; Goble, F.; Konopka, E.; Gelzer, J.; Szanto, J.; Maplesden, D. C.; deStevens, G. JMC 1970, 13,
878. Caluwe, P.; Majewicz, T. G. JOC 1977, 42, 3410.

15. Glaser, R.; Gabbay, E. J. JOC 1970, 35, 2907.

16. Bringmann, G.; Kunkel. G.; Geuder, T. SL 1990, 5, 253.

17. Momose, T.; Toyooka, N.; Seki, S.; Hirai, Y. CPB 1990, 38, 2072.

18. Dax, K.; Gaigg, B.; Grassberger, V.; Kolblinger, B.; Stutz, A. E. . Carbohydr. Chem. 1990, 9, 479.

19. Yamaguchi, S;; Ito, S.; Suzuki, I.; Inoue, N. BC] 1968, 41, 2073. Huebner, C. F.; Donoghue, E. M.; Novak,
C.J.; Dorfman, L.; Wenkert, E. JOC 1970, 35, 1149.

20. Suter, C. M.; Ruddy, A. W.JACS 1944, 66,747. Vaughan, J. R.; Blodinger, J. JACS 1955, 77, 5757. Cosgrove,
C.E.;;LaForge, R. A. JOC 1956, 21, 197.

21. Zisman, S. A ; Berlin, K. D,; Scherlag, B. J. OPP 1990, 22, 255.

22. Orlek, B. S.; Wadsworth, H.; Wyman, P.; Hadley, M. S. TL 1991, 32, 1241.

23. Merlin, P.; Brackman, J. C.; Daloze, D. T 1991, 47, 3805.

24. Afarinkia, K;; Cadogan, J. I. G.; Rees, C. W. SL 1990, 415.

25. Martinelli, M. J.; Leanna, M. R.; Varie, D. L;; Peterson, B. C.; Kress, T. J.; Wepsiec, J. P.; Khau, V. V. TL
1990, 31, 7579.



26. Solodin, J. M 1992, 123, 565.

27. Schultz, A. G.; Motyka, L. A.; Plummer, M. JACS 1986, 108, 1056.

28. Sibi, M. P.; Gaboury, J. A. SL 1992, 83. Paisdor, B.; Kuck, D. JOC 1991, 56, 4753.

29. Coll, G.; Costa, A.; Deya, P. M; Saa, J. M. TL 1991, 32, 263. Trivedi, S. V.; Mamdapur, V. R. IJC 1990, 29,
876. Rane, R. K.; Mane, R. B. [JC 1990, 29, 773.

30. Jones, R. G. JACS 1948, 70, 143.

31. Muneguni, T.; Maruyama, T.; Takasaki, M.; Harada, K. BC] 1990, 63, 1832.

32. Effenberger, F.; Muller, W; Keller, R.; Wild, W.; Ziegler, T. JOC 1990, 55, 3064.

33. Janda, K. D.; Ashley, J. A. SC 1990, 20, 1073.

34. Shiozaki, M. JOC 1991, 56, 528. Khamlach, K.; Dhal, R.; Brown, E. H 1990, 31, 2195. Matteson, D. S,;
Kandil, A. A;; Soundararajan, R. JACS 1990, 112, 3964.

35. Baldwin, J. E.; Adlington, R. M.; Gollins, D. W_; Schofield, C. J. CC 1990, 46, 720.

36. Gmeiner, P.; Bollinger, B. TL 1991, 32, 5927.

37.Bajwa, J. S. TL 1992, 33, 2955.

38. Matteson, D. S.; Michnick, T. J. OM 1990, 9, 3171.

39. Sibi, M. P.; Sorum, M. T ; Bender, J. A.; Gaboury, J. A. SC1992, 22, 809.

40. Sakaki, J.; Sugita, Y.; Sato, M.; Kaneko, C. CC 1991, 434.

41. Wehner, V.; Jager, V. AG(E) 1990, 29, 1169.

42. (a) Shatzmiller, S.; Dolithzky, B.-Z.; Bahar, E. LA 1991, 375. (b) Maciejewski, S.; Panfil, I.; Belzecki, C.;
Chmielewski, M. TL1990, 31,1901. (¢) Kawasaki, T.; Kodama, A.; Nishida, T.; Shimizu, K.; Somei, M. H 1991,
32,221. (d) Beccalli, E. M.; Marchesini, A.; Pilati, T. S 1991, 127.

43. Sone, T.; Umetsu, Y.; Sato, K. BCJ] 1991, 64, 864. Boerner, A.; Krause, H. JPR 1990, 332, 307.

44. (a) Eszenyi, T.; Timar, T. SC 1990, 20, 3219. Comins, D. L.; Weglarz, M. A. JOC 1991, 56, 2506.

45. Duschinsky, R.; Pleven, E.; Heidelberger, C. JACS 1957, 79, 4559.

46. Sakmai, Y.; Tanabe, Y. |. Pharm. Sci. Jpn. 1944, 64, 25. Peters, J. A.; van Bekkum, H. RTC 1971, 90, 1323.
Rachlin, A. I; Gurien, H.; Wagner, P. P. OS 1971, 51, 8. Burgstahler, A. W.; Weigel, L. O.; Shaefer, G. G. S
1976, 767.

47. (a) Lohray, B. B.; Ahuja, J. R. CC1991, 95. (b) Castillon, S.; Dessinges, A.; Faghih, R.; Lukacs, G. Olesker,
A.; Thang, T. T. JOC 1985, 50, 4913. (c) Lindstrom, K. J.; Crooks, S. L. SC 1990, 20, 2335. (d) Machinaga, N;
Kibayashi, C. TL 1990, 31, 3637. (e) Chen, L.; Dumas, D. P.; Wong, C.-H. JACS 1992, 114, 741. (f) Ghosh, A.
K.; McKee, S. P.; Duong, T. T.; Thompson, W. J. CC 1992, 1308.

48. Looker, J. H.; Thatcher, D. N. JOC 1957, 22,1233.

49. Kindler, K.; Hedermann, B.; Scharfe, E. LA 1948, 560, 215. Rapoport, H.; Pasby, J. Z. JACS 1956, 78, 3788.
Farina, M.; Audisio, G. T 1970, 26, 1827. Feher, F. J.; Budzichowski, T. A. JOM 1989, 373, 153. Mohler, D. L;
Wollf, S.; Vollhardt, K. P. C. AG(E) 1990, 29, 1151. Valls, N.; Bosch, J.; Bonjoch, J. JOC 1992, 57, 2508.

50. Daeniker, H. U.; Grob, C. A. OS 1964, 44, 86. Yakhontov, L. N. RCR 1969, 38, 470. Scorill, J. P.;
Burckhalter, J. H. JHC 1980, 17, 23.

51. Massy-Westrop, R. A.; Reynolds, G. D.; Spotswood, T. M. TL 1966, 1939.
9



52. Caporale, G.; Bareggi, A. M. G 1968, 98, 444.

53. Confalone, P. N.; Pizzolato, G.; Uskokovic, M. R. JOC 1977, 42, 135. Rossy, P.; Vogel, F. G. M.; Hoffman,
W.; Paust, J.; Nurrenbach, A. TL 1981, 22, 3493.

54. Pizzorno, M. T.; Albonico, S. M. JOC 1977, 42, 909. Robins, D. ].; Sakdarat, S. CC 1979, 1181.

55. Kikugawa, Y.; Kashimura, M. $ 1982, 9, 785. Knolker, H.-].; Hartmann, K. SL 1991, 6, 428.

56. Balczewski, P.; Joule, J. A. SC 1990, 20, 2815. Bouysson, P.; LeGoff, C.; Chenault, J. JHC 1992, 29, 895.

57. Behun, J. D.; Levine, R. JOC 1961, 26, 3379. McKenzie, W. L.; Foye, W. O. ]MC 1972, 15, 291.

58. King, F. E.; King, T. J. JCS 1947, 726.

59. (a) Backvall, J.-E.; Plobeck, N. A. JOC 1990, 55, 4528. (b) Pelcman, B.; Gribble, G. W. TL 1990, 31, 2381.
(c) Harvey, R. G.; Pataki, J.; Cortez, C.; Diraddo, P.; Yang, C. X. JOC 1991, 56, 1210. (d) Peet, N. P;
LeTourneau, M. E. H1991, 32, 41. (¢) Soman, S. S.; Trivedi, K. N. JIC1990, 67, 997. (f) Nelson, P. H.; Nelson,
J. T.S1991,192. (g) Hua, D. H.; Saha, S.; Maeng, J. C.; Bensoussan, D. SL 1990, 4, 233.

60. Pamingle, H.; Snowden, R. L,; Shulteelte, K. H. HCA 1991, 74, 543.

6l. Cirillo, P. F.; Panek, J. S. TL 1991, 32, 457.

62. Matsuda, Y.: Gotou, H.; Katou, K.; Matsumoto, H.; Yamashita, M.; Takahashi, K.; Ide, S. H 1990, 31, 983.
63. Yamada, M.; Kusama, M.; Matsumoto, T.; Kurosaki, T. JOC 1992, 57, 6075.

Anthony O. King and Ichiro Shinkai

Merck Research Laboratories, Rahway, NJ, USA

Copyright ©1995-2000 by John Wiley & Sons, Ltd. All rights reserved.

10


http://www.wiley.com/copyright/
http://www.wiley.com/

