
4159 

R. Rando, Department of Pharmacology, Harvard Medical School, Boston, 
Mass. 

(28) Hydrogen removal has been shown to be at least partially rate determining 
in the reaction of MAO with substrates: 8. Belleau and J. Moran, Ann. N. Y. 
Acad.Sci., 107,822(1963). 

(29) The quaternary salts 10, 11, and 12 were prepared from the reaction of 
the corresponding unsaturated bromides or mesylate with trimethyl-
amine. 

(30) Solubilization of 10 in neutral deuterium oxide (25 0C) leads instantaneously 
(on the NMR time scale) to exchange of the terminal, acetylenic proton. 

(31) The overwhelming preference for removal of propargyl vs. allylic protons 
is in accord with the much greater electron-withdrawing power of the 
ethynyl group than the vinyl group.32"3,4 

(32) J. A. Landgrebe and R. H. Rynbrandt, J. Org. Chem., 31, 2585 (1966). 
(33) T. L. Brown, Chem. Rev., 58, 595 (1958). 
(34) R. W. Taft, Jr., in "Steric Effects in Organic Chemistry", M. S. Newman, 

Ed., Wiley, New York, N.Y., 1956, p 619. 
(35) That negative charge is more rapidly generated at a site adjacent to a triple 

bond than at an allylic site is also known from studies of base-catalyzed 
isomerizations of allenes and acetylenes: R. J. Bushby, Quart. Rev., 24, 
585(1970). 

(36) (a) The strong preference for removal of a propargyl proton compared to 
an ally) proton stands in contrast to the ease of removing the corresponding 
hydrogen atoms. The most recently determined value for propargyl stabi
lization is 4.8 kcal/mol (R. Walsh, Trans. Faraday Soc, 64, 2085 (1971)), 
which is considerably smaller than the commonly quoted value of 12 
kcal/mol for allylic stabilization (P. Nangia and S. W. Benson, J. Am. Chem. 
Soc., 84,3411(1962)). 

(37) (a) G. M. Helmkamp, R. R. Rando, D. J. H. Brock, and K. Bloch, J. Biol. 
Chem., 243, 3229 (1968); (b) K. Bloch, Ace. Chem. Res., 2, 193 (1969); 
(C) K. Bloch, Enzymes, 3rd Ed., 5, 441 (1971); (d) R. H. Abeles and C. T. 
Walsh, J. Am. Chem. Soc, 95, 6124 (1973); (e) R. C. Hevey, J. Babson, 
A. L. Maycock, and R. H. Abeles, ibid., 6125 (1973); (f) C. T. Walsh, A. 
Schonbrunn, O. Lockridge, V. Massey, and R. H. Abeles, J. Biol. Chem., 
247, 6004 (1972); (g) F. H. Batzold and C. H. Robinson, J. Am. Chem. Soc., 
97, 2537 (1975); (h) T. H. Cromartie and C. Walsh, Biochemistry, 14,3482 
(1975); (i) R. H. Abeles and A. L. Maycock, Ace. Chem. Res., 9, 313 
(1976). 

(38) For examples of cycloaddition to allenes, see (a) W. T. Brady, J. D. Stockton, 
and A. D. Patel, J. Org. Chem., 39, 236 (1974); (b) W. R. Dolbier, Jr., and 
S.-H. Dai, J. Am. Chem. Soc, 90, 5030 (1968); (c). J. E. Baldwin and R. 
H. Fleming, Fortsch. Chem. Forsch., 15, 281 (1970). 

(39) A more complete account of the effect of substituents will be published 
in collaboration with Dr. A. Claesson of Uppsala University, Faculty of 
Pharmacy, Uppsala, Sweden, who has kindly furnished the terminally 
methylated derivatives of 4. 

(40) Private communication from Dr. R. P. Halliday, Norwich Pharmacal Co., 
Norwich, N.Y. 

A. Krantz,* G. S. Lipkowitz 
Department of Chemistry, State University of New York 

Stony Brook, New York 11794 
Received November 15, 1977 

Highly Reactive Transition Metal Powders. Oxidative 
Insertion of Nickel, Palladium, and Platinum Metal 
Powders into Aryl-Halide Bonds 

Sir: 

We have reported a new procedure for producing highly 
reactive metal powders.1'2 This procedure consists of reduction 
of a metal salt from an ethereal or hydrocarbon solvent with 
an alkali metal. The primary consideration is that the metal 
salt in question be partially soluble in the solvent used. In most 
cases, the alkali metal used had a melting point lower than the 
boiling point of the solvent;2 however, this is not necessary in 
all cases. In this paper we wish to report that, using a modifi
cation of this approach, highly reactive transition metal slurries 
can be prepared. Nickel, palladium, and platinum produced 
by this method are found to undergo oxidative insertion into 
C-X bonds and in some cases at relatively low tempera
tures. 

Oxidative addition of RX to transition metals has been ob
served using the metal atom or metal vaporization approach 
of Skell.3-4 Klabunde has reported that nickel and palladium, 
when cocondensed with aryl halides, readily undergo oxidative 
insertion into the carbon-halogen bond.5-8 Cocondensation 
of nickel or palladium with pentafluorobromobenzene and 
triethylphosphine gave good yields of the bromopentafluoro-
bis(triethylphosphine)metal complex. The corresponding so
lution reaction of common commercial nickel powders or 

palladium powders with aryl halides has not been observed due 
to the poor reactivity of these and most other transition metals 
toward oxidative addition. 

Initially we tried the standard approach of reduction of Nih, 
NiBr2, or NiCl2 with potassium in refluxing THF. Finely di
vided black nickel powders were obtained; however, they 
showed rather limited reactivity toward oxidative insertion into 
carbon-halogen bonds. Similar results were found with pal
ladium. 

We have demonstrated with several of the main group ele
ments that the reactivity of the resulting metal is highly de
pendent on such factors as the solvent, reducing agent, anion, 
or in the case of some metals the presence of additional alkali 
salts.2-9'10 In the case of the transition metals to be discussed 
in this paper, the presence of a triaryl- or trialkylphosphine 
during the reduction yields a highly reactive metal slurry. 
When triethylphosphine is added to Nil2 in THF, the well 
known and highly soluble diiodobis(triethylphosphine)nick-
el(II) complex is formed. Addition of 2 mol of potassium to this 
mixture, and then heating at reflux, yields a very fine black 
metal slurry of nickel. The reduction time is very dependent 
upon the type of phosphine used. For example, when triethyl
phosphine or triphenylphosphine were used the reduction times 
were approximately 20 and 2 h, respectively. 

The particle size of the black powder is much smaller than 
that resulting from the standard procedure without the pres
ence of the triethylphosphine. Elemental imaging of the black 
nickel powder using energy dispersive analysis at a magnifi
cation of 5000 indicated that the distribution of nickel, po
tassium, and iodide is essentially random. When the reduction 
is completed, the precipitated KI is obtained in almost quan
titative yields. These facts, coupled with the fact that the black 
metal slurry does not flash when added to water, strongly in
dicates that no potassium remains after the reduction and that 
the black slurry contains considerable nickel (0). 

Not only is the particle size smaller when the reduction is 
carried out in the presence of the triethylphosphine but the 
reactivity of the metal toward oxidative additions is greatly 
enhanced. Upon the addition of pentafluorobromobenzene to 
the black nickel slurry produced1' in the presence of triethyl
phosphine, a rapid reaction occurred yielding bromopenta-
fluorophenylbis(triethylphosphine)nickel(II) in 60% yield. 

PEt3 

I 
Ni + 2Et3P + C6F5Br — C6F5NiBr 

\ 
PEt3 

Triphenylphosphine seems to have a similar effect. In fact, 
nickel slurries produced by reducing Nih in the presence of 
triphenylphosphine are more reactive than those generated 
with the triethylphosphine procedure. Addition of pentafluo
robromobenzene to the black nickel slurry at -78 0C resulted 
in an almost immediate reaction. Workup of the reaction 
yielded 46% of the bromopentafluorophenylbis(triphenyl-
phosphine)nickel(II). Thus, the nickel generated by this 
method appears to be more reactive but the yield of the oxi
dative addition product was slightly less. These two sets of 
experiments suggest that the reaction was not occurring via 
oxidative addition of the tetrakis(triethylphosphine)nickel(0) 
or the tetrakis(triphenylphosphine)nickel(0) complexes. 
Parshall12 and others'3 have shown that the tetrakis(triphen-
ylphosphine)nickel(O) complex is less reactive than the 
tetrakis(triethylphosphine)nickel(0) complex in oxidative 
additions into aryl-halogen bonds. In several cases, reaction 
of the tetrakis(triphenylphosphinc)nickel(0) complex with aryi 
halides often requires several hours of refluxing. Thus, it would 
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appear that with these highly reactive black slurries reaction 
is occurring mainly at the metal surface.19 

One additional reaction that we carried out which further 
demonstrates the high reactivity of the nickel slurry is with 
triethyl phosphite. The highly reactive nickel powder was 
generated in the presence of triphenylphosphine; to this mix
ture, triethyl phosphite was added at —78 0C. After 10 min, 
the mixture was warmed to room temperature and stirred for 
1 h. Workup of the reaction mixture yielded over 40% of the 
tetrakis(triethylphosphite)nickel(0) complex.18 

The procedure is readily applied to other transition met
als. 

The reduction of PdCb with potassium in the presence of 
triethylphosphine in THF yields a highly reactive black pal
ladium slurry. Addition of pentafluorobromobenzene to the 
metal slurry produces a rapid reaction.'4 After 1 h the reaction 
was worked up, yielding 76% of the bromopentafluoro-
phenylbis(trietnylphosphine)palladium(II).15'20 Addition of 
iodobenzene to the palladium slurry at room temperature for 
1 h produced the new complex iodophenylbis(triethylphos-
phine)palladium(II) in 52% yield.16 

PEt3 

I 
Pd + 2Et3P + C6H5I —* C6H5PdI 

I 
PEt3 

The reaction has been extended to unreactive halides. The 
exceptionally high reactivity of the slurries produced by this 
procedure is exemplified by the reaction of the palladium slurry 
with chlorobenzene to give the chlorophenylbis(triethylphos-
phine)palladium(II) in 54% yield based on the palladium ha-
lide used. 

In a similar manner, highly reactive platinum slurries can 
be prepared by reduction of platinum halides in the presence 
of phosphines. The addition of pentafluorobromobenzene to 
the platinum slurry yielded the known /ra«i-bromopentaflu-
orophenylbis(triethylphosphine)platinum(II) in 40% yield, 
based on the platinum halide used. The reaction has been ex
tended to other aryl halides. 

In addition to Ni, Pd, and Pt, we have obtained preliminary 
evidence that reactive metal powders of Co, Fe, and Cr can be 
generated by this procedure. 

The ability to generate highly reactive transition metal 
slurries with very simple apparatus will be of extensive value 
to synthetic inorganjc, organic, and organometalHc chemistry. 
We will report in the near future on additional chemistry of 
the nickel, palladium, and platinum slurries as well as the other 
transition metals mentioned. 

Acknowledgment. Financial support of this investigation by 
the U.S. Army Research Office is gratefully acknowledged. 
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Stereochemistry in Trivalent Nitrogen Compounds. 32. 
Torsional Barriers in Trinitrobenzenesulfenamides1 

Sir: 

Sulfenamides2 exhibit substantial barriers to torsion about 
the sulfur-nitrogen formal single bond.3 The barriers are 
greatly increased when the substituent at the sulfenyl sulfur 
atom is electron withdrawing. The linear free energy correla
tion for a series of para-substituted benzenesulfenamides3d 

afforded a Hammett reaction constant of —2 and a comparison 
of the effect of meta and para substituents in the same system 
indicated that the effect was due to "throughresonance" of the 
aromatic 7r-system with an orbital on sulfur. As a result of this 
polar effect, the barriers in 2,4-dinitrobenzenesulfenamides 
were the highest which had yet been observed for torsion about 
N-S formal single bonds. It was of interest to examine the 
previously unknown 2,4,6-trinitrobenzenesulfenamides. If the 
barrier to stereomutation were raised by the third nitro group 
by an amount comparable to the effect of the first two, the 
sulfenamide configurational unit would have sufficient stere-
ostability in some instances to permit isolation at room tem
perature of configuratively stable stereoisomers. 

We now report the synthesis of a number of representative 
2,4,6-trinitrobenzenesulfenamides whose barriers are in sharp 
variance with the high barriers expected. Instead, the barriers 
are considerably lower than those in the corresponding dini-
trobenzenesulfenyl derivatives and are not much greater than 
the benzenesulfenyl analogues. Two examples serve to illus
trate this point. The barrier in Ar,Ar-diisopropyl-2,4,6-trini-
trobenzenesulfenamide, 2b, 17.6 kcal/mol, is significantly 
lower than that in lb, 20.6 kcal/mol, and only somewhat higher 
than that in TV.A'-diisopropylbenzenesulfenamide, 14.3 kcal/ 
mol. The sulfenylsulfonamide 2a provides a more dramatic 
example. Figure 1 illustrates the change in barriers in this 
compound and four related compounds as a function of the 
number of nitro groups in the benzenesulfenyl residue. As in-
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