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This work demonstrates tha t  supercritical water can be utilized as a benign solvent for 
traditional, synthetic organometallic chemistry. The  cobalt(1) complex CpCo(CO):, catalyzed 
cyclotrimerizations of 1-hexyne, phenylacetylene, and 2-butyne to  their respective benzene 
derivatives in water at 374 "C. Product yields and regiochemistries were in good agreement with 
those reported for analogous cyclizations in organic solvents. Participation by water did not 
interfere with the cyclizations, and hydrolysis of the alkynes was observed only in the presence 
of acid. Unreacted alkyne was recovered in the absence of added catalyst. Cyclizations attempted 
in water at 140 O C  proceeded slowly and gave a multitude of products. Thus, alkyne cyclization 
proved t o  be a viable reaction in supercritical water but  not in the lower temperature water. 
Pyridine synthesis via the coupling of alkynes and acetonitrile under supercritical conditions 
was also observed but was less effective due to  relatively facile hydrolysis of the acetonitrile. 

Introduction molecules5 and is reasonably accessible, with a critical 

Environmental concerns are making disposal of organic 
wastes increasingly difficult. Reaction solvents are one 
major source of such waste; therefore means of minimizing 
the amount of organic solvents entering the waste stream 
are of great current interest. Replacement of these solvents 
with water is an attractive alternative, provided the desired 
reactions can be enabled in water. This approach has 
been successfully applied to a limited number of homo- 
geneous organometallic reactions in which the catalysts 
and reagents are naturally water soluble1P2 or have been 
modified to be water ~ o l u b l e . ~ ~ ~  We have become interested 
in developing a more general method whereby unmodified 
organotransition metal catalysts and hydrophobic organic 
reagents can be readily solubilized in water. 

Supercritical water has excellent potential for achieving 
this goal. I t  possesses a high solubility for organic 

(1) For examples of reactions which involve water as a reactant, see: 
(a) Tsuji, J. Synthesis 1984,369. (b) Sheldon, R. A.; Kochi, J. K. Metal- 
Catalyzed Oxidations of Organic Compounds; Academic Press: New 
York, 1981. (c) Chin, J.; Banaszczyk, M. J .  Am. Chem. SOC. 1989,111, 
2724. 

(2) (a) Labinger, J. A.; Herring, A. M.; Bercaw, J. E. J .  Am. Chem. SOC. 
1990,112,5628. (b) Novak, B. M.; Grubbs, R. H. J .  Am. Chem. SOC. 1988, 
110,7542. (c) Shanbhag, V. M.; Martell, A. E. J .  Am. Chem. SOC. 1991, 
113,6479. (d) Li, C.-J.; Chan, T.-H. Organometallics 1991, IO, 2548. (e) 
Bumagin, N. A.; Nikitin, K. V.; Beletakaya, I. P. J .  Organomet. Chem. 
1988, 358, 563. (f) Mistryukov, E. A.; Korshevita, I. K. Zzuest. Akad. 
Nauk SSSR, Ser. Khim. 1986,11, 2612. 

(3) (a) Casalnuovo, A. L.; Calabrese, J. C. J .  Am. Chem. SOC. 1990,112, 
4324. (b) Kuntz, E. G. CHEMTECH 1987,12,570. (c) Smith, R.; Ungar, 
R. K.; Sanderson, L. J.; Baird, M. C. Organometallics 1983,2,1138. (d) 
Grosselin, J. M.; Mercier, C.; Allmang, G.; Grass, F. Organometallics 
1991,10,2126. (e) Nuzzo, R. G.;Haynie, S. L.; Wilson, M. E.; Whitesides, 
G. M. J.  Org. Chem. 1981,46, 2861. (f) MacMillian, D. T.; Murase, I.; 
Martell, A. E. Znorg. Chem. 1975,14,468. (9) Pinkerton, M. J.; Le Meat, 
Y.;Zhang,H.;Watanabe,M.;Murray,R. W. J.Am.  Chem.Soc. 1990,112, 
3730. (h) Amrani, Y.; Lecomte, L.; Sinou, D.; Bakos, J.; Toth, 1.; Heil, 
B. Organometallics 1989, 8, 542. (i) Kiji, J.; Okano, T.; Nishiumi, W.; 
Konishi, H. Chem. Lett. 1988,957. (i) Okano, T.; Moriyama, Y.; Konishi, 
H.; Kiji, J. Chem. Lett. 1986,1463. (k) Borowski, A. F.; Cole-Hamilton, 
J. D.; Wilkinson, G. Nouu. J .  Chem. 1978,2, 137. 

(4) Phase-transfer reactions are not included in this consideration since 
they still rely on the presence of an organic solvent. 

(5) The critical density of water is 0.32 g/mL. (a) Franck, E. U. Pure 
Appl. Chem. 1985,8,1065. (b) Johnston, K. P. In Supercritical Fluid 
Science and Technology; Johnston, K. P., Penninger, J. M. L., Eds.; ACS 
Symposium Series 406; American Chemical Society: Washingtan, DC, 
1989; Chapter 1. 
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temperature and pressure of 374 "C and 3205 psi, 
respectively. The water returns to its liquid state upon 
cooling, thus facilitating product separation. Reactions 
in supercritical water have thus far been primarily targeted 
toward the destruction of toxic and carcinogenic wastes6 
while the use of supercritical water as a solvent for 
transition-metal-catalyzed organic synthesis remains large- 
ly unexplored.' 

We have undertaken a brief exploration of alkyne 
chemistry to examine the viability of traditional synthetic 
organometallic reactions in supercritical water.s The 
purpose of this study was to determine (1) whether 
synthetically useful reactions could successfully compete 
with hydrolysis in water at  374 "C and (2) whether 

(6) (a) Killilea, W. R.; Swallow, K. C.; Hong, G. T. J. Supercrit. Fluids 
1992,5, 72. (b) Thornton, T. D.; Savage, P. E. AZChE J. 1992,38, 321. 
(c) Lee, D.-S.; Gloyna, E. F. Enuiron. Sci. Technol. 1992,26, 1587. (d) 
Webley, P. A.; Tester, J. W.; Holgate, H. R. Znd. Eng. Chem. Res. 1991, 
30, 1745. (e) Shaw, R. W.; Brill, T. B.; Clifford, A. A.; Eckert, C. A,; 
Franck, E. U. Chem. Eng. News 1991,69 (51), 26. (f) Lee, D.-S.; Gloyna, 
E. F. J. Supercrit. Fluids 1990,3,249. (g) Thornton, T. D.; Savage, P. 
E. J. Supercrit. Fluids 1990,3, 240. (h) Jin, L.; Shah, Y. T.; Abraham, 
M. A. J. Supercrit. Fluids 1990,3,233. (i) Torry, L. A.; Kaminsky, R.; 
Klein, M. T.; Klotz, M. R. J. Supercrit.  Fluids 1992, 5, 163. f j )  
SupercriticalFluid Science and Technology; Johnston, K. P., Penninger, 
J. M. L., Eds.; ACS Symposium Series 406; American Chemical Society: 
Washington, DC, 1989; Chapters 15-17. 

(7) For some attempts at  constructive (as opposed to destructive) 
organic and organometallic reactions in supercritical water, see: (a) Dixon, 
C. N.; Abraham, M. A. Prepr. Pap.-Am. Chem. SOC., Diu. Fuel Chem. 
1991,36,1846. (b) Xu, X.; De Almeida, C. P.; Anatal, M. J., Jr. Ind. Eng. 
Chem. Res. 1991,30,1478. (c) Xu, X.; De Almeida, C.; Anatal, M. J., Jr. 
J. Supercrit. Fluids. 1990,3,228. (d) Narayan, R.; Anatal, M. J., Jr. In 
Supercritical Fluid Science and Technology; Johnson, K. P., Penninger, 
J. M. L., Eds.; ACS Symposium Series 406; American Chemical Society: 
Washington, DC, 1989; Chapter 15. 

(8) The chemistry of alkynes in traditional organic solventa is rich and 
varied. For some examples, see: (a) Bird, C. W. Transition Metal 
Intermediates in Organic Synthesis; Academic Press: New York, 1966; 
Chapter 1. (b) Hartley, F. R. Chem. Rev. 1969,69,799. (c)  Reppe, W.; 
Kutepow, N. v.; Magin, A. Angew. Chem., Int. Ed. Engl. 1969,10,727. 
(d) Wakatauki, Y.; Yamazaki, H.; Kumegawa, N.; Satoh, T.; Satoh, J. J. 
Am. Chem. SOC. 1991,113,9604. (e) Lugan,N.;Laurent,F.;Lavigne, G.; 
Newcombe, T. P.; Liimatta, E. W.; Bonnet, J.-J. J. Am. Chem. SOC. 1990, 
112, 8607. (f) Buchwald, S. L.; Nielsen, R. B. J. Am. Chem. SOC. 1989, 
111, 2870. (9) Cotton, F. A.; Hall, W. T.; Cann, K. J.; Karol, F. J. 
Macromolecules 1981, 14, 233. (h) Smith, D. P.; Strickler, J. R.; Gray, 
S. D.; Bruck, M. A,; Holmes, R. S.; Wigley, D. E. Organometallics 1992, 
11, 1275. 
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supercritical water can act as a benign solvent for carrying 
out previously developed reactions. Alkynes provide a 
convenient test system in which to probe these consid- 
erations, since they undergo both acid-catalyzed hydrations 
and well-developed coupling reactions. Also, several 
alkyne coupling catalysts are reported to be water 
sensitive8agc and, in some cases, thermally sensitive,1° and 
it was not known whether they would continue to function 
in water a t  374 "C. As reported below, the answer to both 
these questions is affirmative for alkyne trimerization 
catalyzed by CpCo(C0)z" under supercritical water con- 
ditions. The analogous cyclization of alkynes and ace- 
tonitrile to form pyridines also occurs but is somewhat 
inhibited due to more facile hydrolysis of the acetonitrile. 
Test reactions were carried out using 1-hexyne, phen- 
ylacetylene, and 2-butyne. 

Organometallics, Vol. 12, No. 8, 1993 

Results and Discussion 

In each of the alkyne reactions, alkyne, water, and 
catalyst were sealed in quartz tubes which were then heated 
at  314 "C for 2 h. Alkyne conversion and product yields 
were determined relative to an internal benzene standard, 
and recoveries of 100 f 5% were obtained in all cases. 
Neither introduction of air into the reaction tubes nor the 
amount of time the reaction mixture was held at  liquid 
water temperature made an observable difference in the 
products obtained. Control reactions in which no catalyst 
(either metal salt or protic acid) was present led to complete 
recovery of unreacted 1-hexyne and 2-butyne. Although 
we observed no uncatalyzed hydrolysis of phenylacetylene, 
some low molecular weight oligomers12 were obtained after 
2 h a t  374 "C. Katritzky and Siskin13 report complete 
conversion of phenylacetylene after 5 days in 250 "C water, 
with hydrolysis to acetophenone accounting for 51% of 
the products. The longer reaction time may account for 
the observation of hydrolysis in their system; however, 
their hydrolysis may also result from acid catalysis (see 
below) since preliminary water neutralization was not 
specifically reported. The lack of benzene-derivative 
formation in our control experiments also indicates that  
uncatalyzed alkyne cyclization does not occur in water at 
374 "C. However, neat 1-hexyne at  374 "C produced a 
moderate yield of the trib~ty1benzenes.l~ This suggests 
that  water protects the alkyne from oligomerization, 
possibly by inhibiting contact between alkyne molecules 
through simple dilution. 

One of the primary questions addressed by this study 
was whether or not synthetically useful reactions could 
successfully compete with hydrolysis in supercritical water. 
Hydrolysis is a very common reaction in supercritical water; 
therefore, the scope and limitations of this process are 
important considerations in developing competing syn- 
thetic processes. Acid-catalyzed hydrolysis of the alkynes 
to ketones occurred in the presence of protic acids or acidic 
metal salts (eq 1). In the case of hexyne, reaction in water 
a t  pH 6 yielded 10-1476 2-hexanone while the yield of 

(9) For a review, see: Taqui Khan, M. M.; Martell, A. E. Homogeneous 
Catalysis by Metal Complexes; Academic: New York, 1974; Vol. 2. 

(10) (a) Gilmont, P.; Blanchard, A. A. Inorg. Synth. 1946,2,242. (b) 
King, R. B.; Stone, F. G. A. Inorg. Synth. 1963, 7, 112. 

(11) Abbreviations: Cp, $-cyclopentadienyl anion; OAc, acetate ion. 
(12) Cianciusi, A. M.; Furlani, A.; La Ginestra, A.; Russo, M. V.; Pblyi, 

G.; Vizi-Orosz, A. Polymer 1990, 31, 1568. 
(13) (a) Katritzky, A. R.; Luxem, F. J.; Siskin, M. Energy Fuels 1990, 

4,518. (b) Katritzky, A. R.; Lapucha, A. R.; Murugan, R.; Luxem, F. J.; 
Siskin, M.; Brons, G. Energy Fuels 1990, 4 ,  493. 

(14) For an early report on uncatalyzed, thermalcyclization of alkynes, 
see: Badger, G. M.; Lewis, G. E.; Napier, I. M. J.  Chem. SOC. 1960,2825. 

R- R 
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R' R' 

ni 

314'C. 0 5 - 2  h 

H*0 R CH,R 

R = CHj(CH,),CH,, C,H,, CH,; R '  = H,  CH, 

(1) 

2-hexanone from the metal chloride reactions correlated 
well with the pK;s of the metal aqua complexes. No ketone 
was obtained from reactions involving NaCl or CaC12, 
followed by increasing yields of ketone with increasing 
metal ion pK,'s until essentially 100% 2-hexanone was 
obtained from reactions with CuClz and SnC12.2-Butyne 
and phenylacetylene followed the same trends, producing 
nearly quantitative yields of acetophenone and 2-butanone, 
respectively, in the presence of SnC12. Katritzky and 
Siskin's proposal15 that chloride ion acts as a strong base 
in superheated water is improbable and is not consistent 
with the acid catalysis seen here. Basic ligands such as 
acetate and carbonate (Coco3 and Co(0Ac)z) did inhibit 
the hydrolysis, however, and unreacted alkyne was re- 
covered from reactions with these complexes.16 Cobalt(I1) 
nitrate also produced a 10% yield of 2-hexanone along 
with 4% hexanoic acid. The acid is presumably formed 
by nitrate-induced oxidation of hexanal resulting from 
anti-Markovnikov addition of water to the alkyne. A small 
amount of anti-Markovnikov addition product was also 
observed in the reaction of hexyne and Cu2C12, which 
yielded approximately 2 % hexanal along with the hex- 
anone. 

The cobalt(1) complex CpCo(C0)z is an efficient alkyne 
cyclization catalyst in organic  solvent^.'^ Although it is 
heat sensitive, this sensitivity involves loss of the carbonyl 
ligands, a step which necessarily precedes alkyne coor- 
dination and cyclization and may in fact lead to more 
active catalytic species.laJsa The catalyst maintained its 
activity in 374 "C water, resulting in cyclotrimerization of 
the alkynes to form their respective benzene derivatives 
(eq 1). Hexyne produced a quantitative yield of 1,3,5- 
tributylbenzene and 1,2,4-tributylbenzene (1:3 ratio), while 
phenylacetylene yielded 1,3,5-triphenylbenzene and 1,2,4- 
triphenylbenzene in a 1:6 ratio (Table 1). These isomer 
ratios are in agreement with the ratios from similar 
reactions carried out in organic solvents.& The quanti- 

(15) Katritzky, A. R.; Balasubramanian, M.; Siskin, M. J.  Chem. Soc., 
Chem. Commun. 1992, 1233. 

(16) An attempt to examine the effect of Cu(0Ac)z resulted in a violent 
explosion of the reaction tube prior to heating. 

(17) (a) Vollhardt, K. P. C. Angew. Chem., Int. Ed. Engl. 1984,23,539. 
(b) Funk, R. L.; Vollhardt, K. P. J.  Am. Chem. SOC. 1980, 102,5253. (c) 
Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, 1. (d) Wakatauki, Y.; 
Yamazaki, H. Inorg. Synth. 1989,26,189. ( e )  King, R. B.; Stone, F. G. 
A. Inorg. Synth. 1963, 7, 112. 

(18) (a)Vollhardt,K.P.C.;Bercaw,J.E.;Bergman,R.G.J.Organomet. 
Chem. 1976,97,283. (b) For a discussion of the cyclization mechanism, 
see: McAlister, D. R.; Bercaw, J. E.; Bergman, R. G. J.  Am. Chem. SOC. 
1977, 99, 1666. 

(19) (a) Bonnemann, H.; Brijoux, W.; Brinkmann, R.; Meurers, W.; 
Mynott, R.; Philipsborn, W. v.; Egolf, T. J .  Organomet. Chem. 1984,272, 
231. (b) Bonneman, H. Angew. Chem., Int. Ed. Engl. 1978,17,505. (c) 
Bonneman, H. Angew. Chem., Int. Ed. Engl. 1986, 24, 248. (d) 
Bonnemann, H.; Brinkmann, R.; Schenkluhn, H. Synthesis 1974,575. (e )  
Bonnemann, H.; Brijoux, W. In Aspects ofHomogeneous Catalysis; Ugo, 
R., Ed.; D. Reidel: Dordrecht, The Netherlands, 1984; Vol. 5. (0 
Wakatsuki, Y.; Yamazaki, H. J .  Chem. SOC., Chem. Commun. 1973,280. 
(9) Wakatauki, Y.; Yamazaki, H. Tetrahedron Lett .  1973, 3383. 
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Metal-Catalyzed Alkyne Cyclotrimerizations 

Table I. Cyclotrimerization of Alkynes Effected by 
CpCo(CO)2 in Supercriticel Water' 

Organometallics, Vol. 12, No. 8, 1993 2993 

CpcO(C0)2 
2 Bu-C=CH + C H 3 - C E N  f 

H 2 0 ,  373OC. 0 5 - 2  h 

conversion benzene@) isomer ratio 
( % ) b  total (7%) 1,3,5 1,2,4 

CHn(CH2)3C=CH >95 >95 1 3 
C ~ H ~ C E C H  >95 >95 1 6 
CH~C=CCHJ 40 5 

a 0.3 mmol of catalyst, 0.1 mL of alkyne, 0.4 mL of water at 374 OC 
for 2 h. Relative to a benzene internal standard. 

tative yields of substituted benzenes obtained from these 
alkynes indicate that water does not destroy the catalyst 
prior to completion of the reaction. 2-Butyne produced a 
much lower yield of hexamethylbenzene (5%). The 
remaining 2-butyne was recovered unreacted (60%) or 
was incorporated into cobalt complexes (35 7%). Although 
the hexamethylbenzene yield was lower than has been 
observed in organic solvents,20 formation of coordinated 
species and subsequent restriction of the reaction have 
been observed previously.21 

The product similarities observed between reactions run 
in organic solvents and those in supercritical water indicate 
that any participation by water in the reaction does not 
significantly affect the reaction pathway. Strongly co- 
ordinating solvents such as alcohols are known to inhibit 
alkyne complexation and therefore lower the rate of 
cyclization catalyzed by cobalt(1) complexes.1gb At 374 
"C, conversion of hexyne to tributylbenzenes was complete 
within 30 min (the shortest reaction time examined), which 
suggests either that water does not coordinate strongly 
under the reaction conditions or that  the reaction is 
inhibited but still complete within this timeframe. The 
same reaction at  140 "C resulted in 33 % conversion of the 
hexyne and yielded only 16% of the tributylbenzene 
isomers after 12 h. Presumably the cyclization reaction 
was sufficiently slow at  the lower temperature that a variety 
of other reactions were able to successfully compete with 
the cyclotrimerization. The result is that cyclization is 
not a viable synthetic reaction in hot water, while it is in 
supercritical water. 

Coz(CO)8 is only a moderately active cyclization catalyst 
in organic and was significantly less active in 
water a t  374 "C. Low tributylbenzene yields (approxi- 
mately 16 % , combined) were obtained from hexyne, 
probably due to destruction of the "unprotected" Coz(CO)8. 
In contrast, C~CO(CO)Z is stabilized as an active cyclo- 
pentadienylcobalt(1) species by its cyclopentadienyl ligand 
in organic solvents and a similar stabilization is almost 
certainly in effect in the supercritical water.lgb This 
cyclopentadienyl ligand protection may prove useful in 
designing catalysts for other reactions in supercritical 
water, as well. 

Extension of the alkyne cyclizations to include pyridine 
formationlg by coupling two alkynes with an acetonitrile 
was not productive due to rapid hydrolysis of the aceto- 
nitrile. Acetamide formation was much more rapid than 
hydrolysis of the alkynes and even occurred to a limited 
extent in neutral water. In the presence of hexyne and 
CpCo(CO)2 as catalyst, a 15 % yield of the pyridine isomers 
2,4-dibutyl-6-methylpyridine and 3,6-dibutyl-2-methylpy- 
ridine in a 1:l ratio was obtained (eq 2). This is in contrast 

(20) (a) Lee, W.-S.; Brintzinger, H. H .  J.  Organomet. Chem. 1977,127, 
93. (b) Alphonse, P.; Mayen, F.; Mazerolles, P. J. Organomet. Chem. 
1988,345, 209. 

(21) (a) Lee, W.-S.; Koola, J. D.; Brintzinger, H .  H .  J .  Organomet. 
Chem. 1981, 206, C4. (b) Dickson, R. S.; Kirsch, H.  P. Aust. J .  Chem. 
1974, 27, 61. 

Bu 

(2) 
to pyridine yields of 4 0 4 8 %  (approximately 2:1, 2,4,6- 
trialkylpyridine to 2,3,6-trialkylpyridine) reported for 
similar reactions in organic solvents a t  130 oC.19b922 The 
major products from the coupling reaction in supercritical 
water were again the benzene isomers expected from simple 
hexyne cyclization, while the remaining acetonitrile was 
converted to acetamide. 

Conclusion 
Thi s  work demonstrates  tha t  supercritical water can 

act as  a benign solvent for  traditional organometallic 
chemistry  even  when tha t  chemistry  involves extremely 
hydrophobic reagents. The water did not interfere with 
alkyne cyclizations catalyzed by C~CO(CO)Z,  neither 
deactivating the catalyst nor hydrolyzing the alkynes. In 
fact, alkyne hydrolysis was observed only in the presence 
of acid, which reinforces the general acid-catalyzed nature 
of hydrolytic processes in supercritical ~ a t e r . ~ J ~ J ~  Not 
surprisingly, traditional metal-mediated alkyne chemistry 
is not 100% adaptable to supercritical water, as evidenced 
by the successful competition of acetonitrile hydrolysis 
with its respective cyclization reactions. On the basis of 
the success of the alkyne trimerizations, however, we are 
confident that  further studies will reveal a wide variety of 
organometallic reactions which are directly portable to 
this medium. 

Experimental Section 
Water was distilled from basic potassium permanganate and 

then neutralized by vigorous boiling under a stream of purified 
argon and degassed under vacuum. Alkyne (100 pL), catalyst 
(0.3 mmol), and water (400 pL) were sealed in a quartz tube 
having a total volume of 1.5 mL. Up to  11 tubes were then placed 
in a Par r  bomb which was counterpressured to  3000 psi with 
argon. T h e  bomb was placed in a tube  furnace and heated t o  374 
"C for 0.5-2 h. Following the reaction, t he  tubes were cracked 
and the  organic layer was separated and analyzed. Yields were 
determined relative to  a n  internal benzene standard and recov- 
eries of 100 k 5% were obtained in  all cases. Several experiments 
were run in D20 and monitored directly by lH NMR for water- 
soluble products. A minimum of three trials were performed t o  
confirm the reproducibility of each experiment. 

Postreaction cobalt species resulting from CpCo(C0)z and 
Coz(C0)~ were observed in both the aqueous and organic layers 
by X-ray fluorescence spectroscopy. T h e  identities of these 
species were not determined. In most cases the amount  of cobalt 
present in the  organic layer was insufficient to  interfere with 
subsequent analyses; however, i t  could be removed by vacuum 
transfer when necessary. Neither t he  cobalt in the aqueous layer 
nor t he  cobalt in t he  organic layer was capable of catalyzing further 
cyclizations. We currently have no means of determining whether 
deactivation occurs under supercritical conditions or during the 
subsequent cool down period. 

Acknowledgment. We gratefully acknowledge Prof. 
J. W. Kolis for the reactor design as well as helpful 
discussions. 
OM930077E 

(22) (a) Fischer, E. 0.; Jira, R. 2. Naturforsch. 1954, B9, 618. (b) 
Piper, T. S.; Cotton, F. A.; Wilkinson, G. J.  Inorg. Nucl. Chem. 1955,1, 
165. (c) Cotton, F. A.; Liehr, A. 0.; Wilkinson, G. J. Inorg. Nucl. Chem. 
1955, 1, 175. 
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