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Figure 1. Absorption (—, room temperature) and corrected emission 
(---, 77 K) spectra of zinc(II) complexes in CHCl3/EtOH (1:19, v/v): 
(a) ZnCl2(phen); (b) Zn(F5PhS)2(phen), a time-resolved emission spec
trum (•••) at 77 K is included (0.5-MS delay, 0.25-MS window); (c) Zn-
(4-ClPhS)2(phen); (d) Zn(4-MeOPhS)2(phen). 

and the spin multiplicity of the new excited state are still not 
definitively characterized. 

Detailed spectroscopic studies between 77 and 4 K of these types 
of zinc(II) molecules and other (nd)10 (n = 3, 4) complexes 
containing various N-heterocyclic ligands and both mono and 
dithol ligands will be published elsewhere. 
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The complex mechanisms by which carbon-hydrogen and 
carbon-carbon bonds are cleaved by gas-phase transition-metal 
ions remain highly speculative.3"6 In the present work we dem-

1TlIe group notation is being changed in accord with recent actions by 
IUPAC and ACS nomenclature committees. A and B notation is being 
eliminated because of wide confusion. Group I becomes groups 1 and 11, 
group II becomes groups 2 and 12, group III becomes groups 3 and 13, etc. 
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onstrate the use of product translational energy distributions to 
characterize potential energy surfaces for organometallic reactions, 
using alkane dehydrogenation as an example. 

Dehydrogenation of isomeric butanes by first-row group 8-10 
metal ions has been investigated extensively. All three metal ions 
induce HD elimination from 2-methylpropane-2-</, to yield a metal 
ion-2-methylpropene complex.6,7 A postulated mechanism for 
this 1,2-dehydrogenation is shown in Scheme I where M = Fe+, 
Co+, or Ni+. 

In contrast, the products of n-butane dehydrogenation are metal 
specific. Ion cyclotron resonance8,9 studies indicate Ni+ forms 
exclusively a bis(ethylene) complex on dehydrogenation of n-
butane, while Fe+ and Co+ form both bis (ethylene) complexes 
and M+-butene complexes. High-energy collision-induced dis
sociation studies10 also indicate two distinct dehydrogenation 
products in the reaction of Fe+ with «-butane. Reaction of Ni+ 

in a low-energy ion beam with n-buta.nc-1,1,1,4,4,4-d6 shows 
exclusive loss of D2.

9 These results suggest Scheme II for for
mation of the bis(ethylene) complex. In similar experiments with 
Fe+ and Co+, D2, HD and H2 eliminations are observed in different 
proportions. The latter products suggest that either a 1,2-elim-
ination to form a metal-butene complex in analogy with Scheme 
I is occurring or scrambling occurs in Scheme II before hydrogen 
elimination, or both.11 Since the two pathways can be viewed 
as representing fundamentally different modes of initial interaction 
of a metal ion with a saturated hydrocarbon, it is of interest to 
determine the relative importance of 1,2- vs. 1,4-elimination.12 

To complement the ICR and low-energy ion beam results, the 
product translational energy distributions for the metastable loss 
of hydrogen from nascent metal ion-butane complexes have been 
studied.13 In Figure 1, kinetic energy release distributions as
sociated with the metastable loss of HD from nascent (2-
methylpropane-2-rf!)cobalt(+) (1,2-elimination) and loss OfD2 

from (butane-/, 1,1,4,4,4-d(,)rdcke\(+) (1,4-elimination) are com
pared.14 The shape and average kinetic energy release14 (0.20 
eV) for HD loss from (2-methylpropane-2-rf1)cobalt(+) (Figure 
la) is quite distinct from the D2 loss from (butane-/, 1,1,4,4,4-
rf6)nickel(+) (Figure lb), which occurs with an average energy 
release of 0.40 eV. The maximum energy release of 1.4 eV for 
the 1,4-process is close to the estimated AH for the reaction.15 
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Figure 1. Product translational energy distributions for the metastable 
loss of (a) HD from (2-methylpropane-2-rf,)cobalt(+), (b) D2 from 
(butane-l,l,l,4,4,4-</6)nickel(+), and (c) H2 (—), HD (•••), and D2 (---) 
from (butane-1,1,1 ~4,4,4-d6)coba\t(+). In each case the maximum 
probability is set equal to unity. 

The relatively narrow kinetic energy distribution peaked at low 
energy in Figure la suggests a less exothermic reaction for 1,2-
than for 1,4-elimination. 

Figure Ic gives the kinetic energy release distributions for 
metastable H 2 , H D , and D 2 elimination from nascent (butane-

US) Assuming Z)[Ni(C2H4)
+-C2H4) = 40 kcal/mol, Z)[Ni+-C2H4] = 50 

kcal/mol, and Z)[Ni+-C4H8] = 50 kcal/mol, formation of Ni(C2H4)2
+ is 

calculated to be exothermic by 35 kcal/mol (1.5 eV), while formation OfNi+ 

(butene) is 22 kcal/mol (0.95 eV) exothermic.8 Thermochemical information 
for hydrocarbons is taken from: Cox, J. D.; Pilcher, G. "Thermochemistry 
of Organic and Organometallic Compounds"; Academic Press: New York, 
1970. 
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1,1,1,4,4,4-d6)coba\t(+).[6 The nearly identical distributions 
suggest that a single mechanism complicated by scrambling is 
dominant. The similarity of the distributions for Co+ shown in 
Figure Ic and the Ni+ results in Figure lb suggests that the 
1,4-dehydrogenation process is more prevalent than the 1,2-process 
for Co+ dehydrogenation of n-butane since the latter would be 
expected to have a narrow kinetic energy distribution resembling 
Figure la. 

Reductive elimination of H2 from the metal center is the last 
step in the postulated mechanisms for 1,2- and 1,4-dehydroge
nation of butane. While the greater exothermicity of the latter 
process may be responsible for the larger average kinetic energy 
release, the somewhat different shapes of the distributions in Figure 
1, parts a and b may reflect distinctly different potential-energy 
surfaces for the two reactions.17 An earlier study inferred that 
the dehydrogenation of cyclohexane by Co+ occurred via a 1,2-
mechanism.18 The shape of the distribution in this system19 closely 
resembles the result for 2-methylpropane dehydrogenation given 
in Figure la, in support of the earlier suggestion. 

The present results indicate that product translational energy 
distributions can be characteristic of, and used to identify, specific 
reaction mechanisms.12 A comparison of kinetic energy release 
distributions for isotopic products can distinguish cases where 
specific reaction mechanisms are primarily responsible for distinct 
isotopic products from instances where a single mechanism that 
includes scrambling produces the observed isotopic product dis
tribution. In addition, the maximum observed kinetic energy 
release is a lower limit on the reaction exothermicity and thus 
provides a method to confirm reaction thermochemistry. The 
substantial amount of energy released to product translation in 
the dehydrogenation reactions (especially the 1,4-elimination) 
suggests a significant barrier to the reverse reaction, oxidative 
addition of H2 to the M+(olefin) complex. The general failure 
to observe D2 addition to gas-phase ionic cobalt or nickel olefin 
complexes further supports this conclusion.20 Barriers can have 
origins in specific electronic correlation of reactants, intermediates, 
and products.21 However, the similar behavior observed for the 
different groups 9 and 10 metal ions suggests a more general 
correlation of product translational energy distributions with 
mechanism. Reproducing the experimental distributions with 
theoretical models remains an interesting and challenging problem. 
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