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With use of an ion beam apparatus, the gas-phase reactions of singly charged atomic iron and nickel
ions with several alkanes are studied as a function of relative kinetic energy. Only endothermic processes
are observed in the interactions of Fe* and Ni* with methane and ethane. Analysis of the thresholds for
formation of the metal methyl ions from the reactions with ethane yields the bond dissociation energies
D%Fe*-CH;) = 69 % 5 keal/mol and DYNi*-CHj) = 48 £ 5 kcal/mol to be compared with the previously
determined value D°(Co*—CHj,) = 61 * 4 kcal/mol. Exothermic carbon—carbon bond cleavage reactions
are observed with all alkanes containing three or more carbon atoms. A mechanism involving oxidative
addition of C-C and C-H bonds to the metal ions as a first step accounts for all products observed at all
energies in this study. Differences in reactivity appear to be related to differences in metal-hydrogen and
metal-carbon bond dissociation energies for the three group 8 metal ions.

Introduction

Transition metal alkyls appear as intermediates in many
catalytic reactions.! Despite the importance of such in-
formation, the thermodynamics of the metal-organic
fragment bonds is poorly known. Techniques which have
been used to obtain this information include calorimetric?
and kinetic studies in solution,® mass spectrometric in-
vestigations,* and ion cyclotron resonance mass spectrom-
etry.”” In addition, calculations have also yielded energies
for several metal-alkyl fragment bonds.? More recently
we have developed ion beam techniques for examining
organometallic reactions in the gas phase.>'?2 In the
present study, the ion beam apparatus is used to analyze
the reactions of iron and nickel ions over a range of en-
ergies with various hydrocarbons. Bond energies are de-
rived from an examination of the thresholds for the en-
dothermic reactions using theoretical techniques which
have been described in a previous paper.® A detailed
analysis of the reactions of the metal ions with ethane
determines the metal ion-methyl bond energy. These
data, combined with the bond strengths of metal ion-hy-
drogen bonds,®11 are used to interpret reactions with
larger alkanes, with particular emphasis on the mechanism
by which the metal ion cleaves carbon—carbon bonds.
Results of the present study are compared and contrasted
with earlier studies of the reactions of Co* with alkanes,!2
hereafter referred to as L.

Experimental Section

The ion beam apparatus has been described in detail previ-
ously.? Ions from a surface ionization source are accelerated and
focused into a 60° sector magnet for mass separation. The mass
selected beam is decelerated to the desired energy and focused
into a collision chamber containing the reactant gas. Product ions
scattered in the forward direction are focused into a quadrupole
mass filter and detected by using a channeltron electron multiplier
operated in a pulse-counting mode. Ion signal intensities are
corrected for the mass discrimination of the quadrupole mass filter.

The ion source, previously described,° is comprised of a tubular
stainless-steel oven attached to the side of a U-shaped repeller
plate which surrounds a rhenium ionization filament. The oven
is loaded with FeCl; or NiCl;6H,0. A rhenium filament generates
sufficient heat to dehydrate and vaporize either complex. The
metal chloride vapor is directed at the filament where it dissociates
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and the resulting metal atom is ionized. At the filament tem-
perature used, ~2400 K, it is estimated that over 98% of the
nickel ions produced are in the (3d)° ground-state configuration
(*D), while less than 2% have the first excited-state configuration,
(48)(3d)® (*F) which lies 1.04 eV above the ground state.’® At
this same temperature, 77% of the iron ions are in their éD
ground-state manifold, with 22% in the first excited state (‘F)
which lies 0.232 eV above the ground state.!® Attenuation ex-
periments!* indicate a single component in both beams, suggesting
excited states are absent. However, this assumes that different
states have substantially different cross sections for interaction
with the attenuating gases (Ar, CH,, N,0).

The nominal collision energy of the ion beam is taken as the
difference in potential between the collision chamber and the
center of the filament, the latter being determined by a resistive
divider. This energy is verified by use of a retarding field energy
analyzer. Agreement was always within 0.3 eV. The energy
distribution of the metal ion beams was also obtained by using
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the retarding grid and was determined to be 0.7 eV (fwhm). In
the center of mass frame, this introduces an uncertainty of less
than £0.12 eV for the reactions with ethane. No specific account
of the energy distribution of the ion beam is taken in the treatment
below.

A more severe problem concerning the actual energy of in-
teraction is the effect of the thermal motion of the reactant gas.
Chantry!® has shown that the distribution of the relative kinetic
energy at an energy E due to this effect has a full width at
half-maximum of

Wys = (1L1YKTE)Y? )

where T is the temperature of the target gas, 300 K, and y = m/(m
+ M), m and M being the masses of the incident particle and target
gas. This energy distribution effectively broadens any sharp
features in the excitation function, including the threshold. To
account for this effect, the assumed excitation function is con-
voluted with this distribution before comparison with the data
using the method outlined by Chantry.!

Reaction cross sections for a specific product, o;, are calculated
from

g; = O'I"/ZI,' (2)

where the sum is over all products and I; refers to a particular
measured product ion intensity. The total reaction cross section,
g, is evaluated by using

Iy = (I + ZI)) exp(-nal) 3

where I is the transmitted reactant ion beam intensity, n is the
number density of the target gas, and ! is the length of the in-
teraction region. The pressure of the target gas, measured by using
an MKS Baratron Model 90H1 capacitance manometer, is kept
sufficiently low, (1-5) X 107 torr, that attenuation of the ion beam
is minimal. The length of the interaction region is 5 mm. The
experimental procedure employed involves taking a complete scan
of kinetic energy at a single pressure to obtain the excitation
function. At several energies, the product yield is measured as
a function of pressure to ensure eq 2 and 3 are obeyed. This
procedure also readily identifies products formed by more than
one collision event.1®

The greatest uncertainty in measurements of reaction cross
sections is the ion detection efficiency. In experiments which
involve heavy projectile and light target species, efficient detection
is assisted by the appreciable center of mass velocity which tends
to scatter all products in the forward direction in the laboratory
frame. At laboratory energies below about 10 eV, a small field
of 0.5 V is placed across the specially designed collision chamber!’
to extract low energy ions. This field introduces an additional
uncertainty in the energy of interaction. Relative cross sections
are well reproduced, and we estimated that the absolute cross
sections reported are accurate to within a factor of 2.

In the reaction of the metal ions with ethane the functional
form for the energy dependent cross section, given by eq 4 is used

c=0 ESEO

E-E\
o = 0y E0<E<E0+D/a (4)

n
0'=0'0(;DE) E=zZEy+D/a

to fit the observed data and extract a bond dissociation energy.?
In eq 4 E is the total energy of the reactants and E, is the en-
dothermicity of the reaction, taken to be the difference between
the bond energy of the ionic product, D, and the bond energy of
the neutral reactant. The average fraction of the total energy

available to the products which is retained as internal excitation
in the ionic fragment is given by a, and n is a variable exponent.
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Phys. 1977, 66, 4683.

Halle, Armentrout, and Beauchamp

Scheme I
A H (kcal/mol)
M= Fe Co Ni
Ho v .
SM'=CH, —= MCH;+H, 14 25 24
H *g
M*+ CHy —= H=M"-CHy — MH"+ CHy 47 63 62

{
l__——>MCH;oH 36 44 57

Table I. Thermochemical Data®

Fe* Co* Ni*
(8d)e(4s) (8d)®  (3dy
bond energies (‘DY (CF¥ (*D¥
D°(M*-H) 58+ 5% 521 4° 43 : 2¢
D°(M*-CH,) 69+ 59 61z 4¢ 48+ 5°
D*(M*-CH,) 96: 52 85=:7/ 86= 6P
D*(M*-H) + D°(M*-CH,) 127 113 91
2D°(M"* -H) 116 104 86
2D°(M*-CH,) 138 122 96

@ All values in keal/mol. ? Reference 11. ¢ Reference
12, 9 Reference 10b. ¢ This work. [ Reference 9.
£ Ground state.

For the line of centers model,'® n is unity. If the reaction involves
a polyatomic intermediate, n may be a sizable fraction of the total
number of vibrational degrees of freedom. The cross section
described by eq 4 is convoluted by using the method of Chantry'®
to account for the thermal motion of the reactant gas as discussed
above. Often, within experimental error, several sets of parameters
fit the data equally well and thus give a range of possible threshold
energies. It is in fact this analysis which gives the major un-
certainty in Ej.

It is important to point out that in these experiments neutral
products are not detected. However, except at higher energies,
the identity of these products can usually be inferred without
ambiguity. In addition, these experiments provide no direct
structural information about the ionic products. However,
straightforward thermochemical arguments can often distinguish
possibilities for isomeric structures.

Results and Discussion

Reaction of Fe* and Ni* with Methane. Only en-
dothermic processes are observed in the interactions of iron
and nickel ions with methane. The major product ion is
MH*, while much smaller amounts of MCH,* and MCH;*
are also formed. The latter two products account for
<12% of the total product distribution in the Nit system
and <7% in the Fe* system. A possible mechanism for
these reactions is shown in Scheme I. Oxidative addition
of a C-H bond of methane to the metal forms 1 which may
either rearrange via an a-hydrogen migration forming 2
or decompose directly by simple bond cleavage to give the
ionic products MH* and MCH,*. The enthalpies of re-
action listed in Scheme I use bond energies to the metal
listed in Table L' Because the M*—CH, bond is stronger
than the M*-H bond for both metal ions (see Table I), the
former product is thermodynamically preferred. However,
MHY* is the predominant product at all energies examined,
suggesting MH" is formed by a direct hydrogen abstraction
process rather than via formation of an intermediate such
as 1 which can fragment competitively. While reductive

(18) Levine, R. D.; Bernstein, R. B. “Molecular Reaction Dynamics”;
Oxford: New York, 1974; p 42.

(19) Table I also uses AH{CH,) = -17.89 kcal/mol and AH{(H) =
52.09 kcal/mol from: Stull, D. R.; Prophet, H. Natl. Stand. Ref. Data
Ser. (U.S., Natl. Bur. Stand.) 1971, 37. AH{CH,) = 92.4 kcal /mol from:
Chase, M. W.; Curnutt, J. L.; Prophet, H.; McDonald, R. A.; Syverud, A.
N. J. Phys. Chem. Ref. Data, Suppl. 1975, 4, No. 1. AH{(CHj,) = 34.9
kcal/mol from: Baghal-Vayjooee, M. H.; Colussi, A. J.; Benson, S. W. J.
Am. Chem. Soc. 1978, 100, 3214.
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Flgure 1. Variation in reaction cross section with kinetic energy
in the center of mass frame for the formation of MCH,* from
reaction of M* with ethane, where M = Fe, Co, and Ni. For each
system, the experimental cross section, o, has been divided by
the maximum cross section, oy,,,. Arrows indicate the threshold
energies at 0.91 eV (Fe), 1.25 eV (Co), and 1.8 eV (Ni) and the
carbon—carbon bond energy of ethane, 3.9 eV.

elimination of a hydrogen molecule from 2 yielding MCH,*
is the least endothermic of the reactions observed, it in-
volves the most extensive rearrangement.

Reaction of Fe* and Ni* with Ethane. Both iron and
nickel ions react with ethane in endothermic processes to
give MCH;* and MH", reactions 5 and 6. Small amounts

M+ + Csz — MCH3+ + CH3 (5)

M+ + CzHe - MH+ + Csz (6)

of NiCH,*, NC,H,*, and C,H;* are also detected at higher
energies. Similar products were not observed in the
Fe*—ethane system, indicating that cross sections for these
reactions are less than 0.03 A2 at all energies.

Detailed results for formation of the NiCH,* and
FeCHj;* ions are shown in Figure 1. The data are fit by
using eq 4 and the parametersn =5, 0, = 44 A2, E, = 1.8
eV, and a = 0.87 for Ni* and n = 3, 5, = 1.52 A2, E;, = 0.91
eV, and a = 0.85 for Fe*.? Combining the threshold
energies, E,, with the bond energy of ethane, 3.9 eV, we
determine DY(Ni*-CHg) = 2.1 & 0.2 eV (48 £ 5 kcal/mol)

and D°(Fe*—CHj) = 3.0 & 0.2 eV (69 + 5 kcal/mol). These
results are consistent with limits obtained by Ridge and
Allison in an ion cyclotron resonance study of the reactions
of atomic metal ions with methyl halides.®® Their data give
56 keal/mol < D%(Fe*—CHj) < 69 kcal/mol and DO(Ni*-
CHj;) < 56 kecal/mol.

It is possible that the species having the formula
(MCH,)* has one or more hydrogens attached to the metal
rather than corresponding to a metal methyl ion. However,
calculations as in I indicate that AH, for process 7 is in

(MCH;)* — (MCH,)* + H (M

(20) The data for the reactions of both Co* and Ni* with ethane to
produce MCH,* are fit with n = 5. It is unclear why a value of n = 3 gives
a much better fit to the FeCH;* data than n = 5. If n = 5 is used, a value
of E, = 0.6 eV is obtained which results in D%(Fe*-CH;) = 3. 3 eV (76
keal / mol). In this case, 6 = 1.8 A2 The procedure for fitting the model
cross sections to the experimental data is such that the value of ¢4 scales
in a highly nonlinear fashion with E,. For example, even though Omax fOr
the FeCH;* system is only one- -third that of the Co* or Ni* systems, the
value for g, is 25-30 times smaller for FeCHg* (n = 3-5) than for NiCHg*.
Because of this, one should not attach a great deal of physical significance
to the geometrical parameter oo, We also examined a more flexible
threshold function, using a third-order polynomial to fit the experimental
data. The threshold values obtained from this procedure are all within
0.33 eV of the quoted values (from the polynomial fits E, = 0.6 eV,
FeCH,*; 1.4 eV, CoCH,*; 2.1 eV NiCH;*).
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Figure 2. Variation in experimental cross section for the in-
teraction of Ni* with 2-methylpropane as a function of kinetic
energy in the center of mass frame (lower scale) and laboratory
frame (upper scale).

the range of 70-85 keal/mol.2 Since it seems more likely
that a bond energy of this value represents a C-H bond
weakened by resonance stabilization of the MCH,* product
rather than a metal-hydrogen bond,?® we conclude the
structure involved is indeed a metal-methyl ion.

Figure 1 also includes the data for cobalt ions reacting
with ethane to form CoCH;*. In this figure, the experi-
mental cross sections for each system have been normalized
to 1.0 at their peaks. Maximum cross sections are of sim-
ilar magnitudes: oy, (Fe*) = 0.7 A?, ¢,,,(Ni*) = 2.1 A?
and o, (Co™) = 2. 142, Several features of these reactions
are worth noting. For example, data for all three systems
peak approximately at the carbon—carbon bond dissocia-
tion energy of ethane, 3.9 eV. A cursory inspection of
Figure 1 reveals the relative metal ion-methyl bond
strengths. Iron ions have the lowest threshold, and
therefore the largest bond energy, followed by Co* and
then Ni*. The larger bond energy is also consistent with
a slower decrease in cross section with increasing energy
for the FeCH;* product at high energy, which suggests that
a higher internal energy is required for this species to
fragment.

Table I lists the bond dissociation energies DY(M*-X)
where M = Fe, Co, and Ni and X = H, CHg, and CH,. In
a recent communication,!! we noted that the metal ion
hydride and methyl bond energies for Cr, Mn, Fe, Co, Ni,
and Zn correlate with the energy required to promote the
metal ion from its ground state to the lowest state derived
from the (3d)""!(4s) configuration.?? The implication of
this result is that ¢ bonding to the first-row transition
metals involves substantial participation of the metal 4s
orbital, as is predicted by several theoretical calculations.®%
This explains why iron ions, whose ground state is a fa-
vored bonding configuration, (3d)®(4s), make strong bonds

(21) AH,,;, of process 7 can be caluclated by using only the endother-
micities of the reactions forming (MCH;)* and (MCHy)*, with no prior
assumptions about the structure of the ions. For Fe*, AH,,, = 83
kcal/mol, while for Ni*, AH,,, = 72 kcal/mol.

(22) From other studies we have determined D%Fe*-H) = 58 = 5
kcal/mol" and D*(Ni*-H) = 43 % 2 kcal/mol.1%

(23) No such correlation is found for D°(M*-CH,), presumably the
result of variable amounts of = bonding in this system.

(24) Scott, P. R.; Richards, W. G. “The Electronic Structure of Dia-
tomic Transition Metal Molecules”, Chem Soc. Spec. Period. Rep. 1976,
4, 70.
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Table II. Produect Distributions of Exothermic Reactions of Fe*, Co*, and Ni* with Alkanes Measured at ~1-eV
Relative Kinetic Energy
neutral products
corresponding to
M(alkadiene)* products
neutral products (C,,H,,, +,) corresponding to H + I(-]IZH+
reactant ionic product M(CrmHa(n-m))* H, + C:Hs CI-3I4 ¥
alkane structure M* H, CH, CH, CH, CH, CH, 2H, CH, 2CH, C,H,
C,H, propane Fe 044 0.56
Co 0.59 041
Ni 0.20 0.80
C,H,, Dbutane Fe 0.27 0.36 0.28 0.07
Co 0.29 0.12 0.59
Ni 0.24 0.17 0.59
2-methylpropane Fe 0.54 0.46
Co 0.23 0.77
Ni 0.11 0.89
C,H,, pentane Fe 016 0.18 0.27 0.22 0.16
Co 030 002 059 0.08
Ni 0.29 0.04 049 0.16 0.02
2-methylbutane Fe 0.24 0.27 0.20 0.04 0.03 0.22
Co 0.20 0.37 027 0.05 0.02 0.05
Ni 013 0.27 040 0.13 0.07
2,2-dimethylpropane Fe 1.0
Co 1.0
Ni 1.0
C,H,, hexane Fe 0.20 010 0.18 0.23 0.23 0.06
Co 0.39 0.02 0.35 0.16 0.04 0.05
Ni 0.48 0.27 0.17 0.05 0.03
2,2-dimethylbutane Fe 0.03 0.08 0.62 0.06 0.04 0.06 0.10
Co 0.12 030 040 0.03 0.02 0.05 0.07
Ni 005 017 054 0.03 0.06 0.06 0.09
2,3-dimethylbutane Fe 0.05 0.06 007 0.13 0.01 0.08 0.38 0.22
Co 0.22 0.35 0.23 0.09 0.11
Ni 010 0.16 0.02 061 0.02 0.03 0.08
C.,H,, heptane Fe 0.18 0.04 0.11 026 0.20 0.18 0.02
Co 0.28 0.01 0.15 022 0.28 0.04 0.02
Ni 0.33 0.14 0.22 0.21 0.09 0.01
C,H,, 2,2,3,3-tetramethylbutane Fe 0.02 0.08 0.05 0.08 0.71 0.06
Co 0.07 0.16 0.056 0.13 0.03 0.55
Ni 0.04 0.18 0.04 0.26 0.02 0.42
to H and CHj radicals. These same bonds to nickel ions, Scheme II

which require 24 kcal/mol to be promoted from their
ground state into the (3d)®(4s) configuration,'® are much
weaker. Cobalt ions require 9.6 kcal/mol to be promoted
into the (3d)’(4s) configuration.!® Accordingly, D%Co*-H)
and D%(Co*-CH,) have values intermediate to those of Fe*
and Nit.

Reactions of Fe* and Ni* with Larger Alkanes.
Table II lists the results for exothermic reactions of Fe*
and Ni* with several alkanes. Ionic products seen at low
energies all have the molecular formula M(C,H,,)*. From
the stoichiometry and thermochemistry of the reactions,
neutral products are inferred to be the corresponding al-
kanes or a hydrogen molecule. At the lowest energies
examined, the metal-alkane adduct is also seen. Pressure
dependence studies indicate that this product is formed
in a termolecular process.

Figure 2 shows data for reaction of Ni* with 2-
methylpropane as an example. At low energies the reaction
cross sections for formation of Ni(C3Hg)* and Ni(C Hy)*
are large and decrease with increasing energy, indicating
that processes 8 and 9 are exothermic. At higher energies,

Ni* + (CH,),CH — NiC,H,* + H, ®
Ni* + (CHy),CH — NiC,;H,* + CH, ©)

products of endothermic reactions appear. In the reaction
of Ni* with 2-methylpropane these include, most promi-
nently, NiH*, NiCH;*, C;H;*, and C;Hy*. (Figure 2). For
the other alkanes examined, the metal hydride and metal

B-H

yan Prre

LN

* B_H
S
= He .. . -CHy ..
\ CH;M _lk_ﬁ M
CHy M" A-H
S

alkyl as well as the corresponding alkyl ions are also ob-
served at the higher energies with both metal ions. The
product distributions given in Table II agree fairly well
with ICR studies of Allison and Ridge®-< for reactions of
Fe*, Co*, and Ni* with butanes and of Byrd, Burnier, and
Freiser® for reactions of Fe* with several alkanes, though
the latter study does not report any Fe(alkadiene)* prod-
ucts.

The reactions of Fe* and Nit with larger alkanes yield
products analogous to those observed from the corre-
sponding reactions of Co*.!? Similar reactivities and
product distributions listed in Table II suggest that the
three metal ions react via the same mechanism. Scheme
II depicts the proposed reaction mechanism in the case of

(25) Byrd, G. D.; Burnier, R. C.; Freiser, B. S. J. Am. Chem. Soc.,
submitted for publication.



Reaction of Group 8 Metal Ions with Alkanes

Scheme M1
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2-methylpropane. Oxidative addition of the three types
of bonds available to the metal center is followed by 8-
hydrogen or S-methyl transfer to the metal and reductive
elimination of an alkane or H, yielding a metal ion—alkene
complex. Evidence for this mechanism is the same as that
derived from reactions of Co* with these and other al-
kanes.? Dehydrogenation of alkanes can also occur via
insertion into internal C—C bonds followed by two 8-hy-
drogen transfers (Scheme III). Nickel ions appear to
dehydrogenate linear alkanes larger than propane exclu-
sively via this latter mechanism.?® Results with Fe* and
Co™ suggest a more complex process in which reversible
B-hydrogen transfers may obscure the actual mechanism.'?

The products shown in Schemes II and III are alkenes
bound to the metal ion. Binding energies of group 8 metal
ions to ethene are in the range of 30-60 kcal/mol.?’ Hence
it is the stability of the products which renders the overall
process substantially exothermic when effected by a
transition-metal ion. If sufficient energy is retained by the
metal-alkene complex, further reaction may occur to yield
a metal ion—alkadiene complex (Scheme IV). This process
begins by insertion of the metal ion into an allylic C—C or
C-H bond followed by either a simple 8-H transfer or by
more complicated isomerization and cleavage reactions.?
The metal then reductively eliminates H,, an alkane, or
an alkene. These reactions explain the occurrence of some
products which are not accounted for by the general
mechanism outlined in the previous study with Co*.> For
example, in the case of M* reacting with 2,3-dimethyl-
butane, the further reaction of M(2,3-dimethyl-2-butene)*
can account for the loss of 2H,, H; + CH,, and H, + C,Hg
as well as CgHs (H2 + CgH4) B.nd C4H10 (H2 + C4H8).29
Note that two of these products, those corresponding to
loss of 2H, and C,Hy, could not arise from further reaction
of M(3-methyl-1-butene)*. However, the latter ion is
probably formed as well and may account for the large
amount of M(C,Hg)* product in the reaction of Fe* with
2,3-dimethylbutane.

(26) Halle, L. F.; Houriet, R.; Kappes, M. M,; Staley, R. H.; Beau-
champ, J. L., submitted for publication in J. Am. Chem. Soc.

(27) If the failure of M* to dehydrogenate ethane at low ion energies
is a result of the overall process being endothermic, then D°(M*-C,H,)
< 33 keal/mol.2 However, reactions of Co* with alkenes® indicate that
the binding energies of both ethene and propene exceed 36 keal/mol. The
lower limit of 36 kcal/mol is the more reliable value, but it seems likely
that the binding energy of C,H, to Co* cannot exceed this limit greatly.
ICR experiments have shown that C,D, can displace CO from FeCO*:
Foster, M. S.; Beauchamp, J. L. J. Am. Chem. Soc. 1975, 97, 4808, while
photoionization studies have determined D°(Fe*-COQ) = 2,62 + 0.1 eV
(60.5 £ 2 kecal/mol): Distefano, G. J. Res. Natl. Bur. Stand., Sect. A 1970,
74A, 233. This latter value may be too high, however. The threshold for
FeCO* formation appears closer to 12.40 eV rather than 11.53 eV as
suggested by Distefano. This lowers D%(Fe*-CO) to 1.63 eV (37.6
kcal/mol).

(28) Supplementary heats of formation of hydrocarbons are taken
from: Cozx, J. D.; Pilcher, G. “Thermochemistry of Organic and Or-
ganometallic Compounds”; Academic Press: New York, 1970.

(29) Armentrout, P. B.; Halle, L. F.; Beauchamp, J. L. J. Am. Chem.
Soc. 1981, 103, 6624.
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Scheme V

M*e n- CgHjp —= CHzCHy= M" = CH, CHpCHy
7

Tronsfer of
primary H

Tronsfer of
secondory H

-C3Hs
M MC;Hg MC,H3
Fe 55% 45%
Co 88% 12%
Ni 75% 25%

Scheme 1T also accounts for products observed at higher
energies. In the example of 2-methylpropane, decompo-
sition of intermediates 3, 4, and 5 can occur by simple bond
cleavage not accessible at thermal energies. Since these
processes often have favorable frequency factors, they
become the dominant decomposition route at the higher
energies. Here intermediates 3 and 4 yield MH* and
CH,*, while 5 gives MCH;* and C;H;*. In the case of Ni*,
where insertion into C-H bonds is less important,? the
NiH* may be mainly the result of a high-energy stripping
process.

The only products which cannot be accounted for by the
pathways described above occur in the reactions of all three
ions with 2,2,3,3-tetramethylbutane. As suggested in I, the
dehydrogenation of this compound could be due to the
formation of the metallacycle 6, or via a process analogous

H\ +
o X

é
to Scheme III. Further reaction of the ion formed by loss
of methane, M(C;H,,)*, probably accounts for the small
amounts of M(C;H,;)*, M(CH,0)*, and M(C;Hg)* ob-
served.

As examination of Table II does reveal some differences
of reactivity between the metal ions which can be quali-
tatively explained in terms of energetics. The enthalpy
change for the general process 10 is given in terms of the

M+ + R1R2 - RI_M+—R2 (10)
AH = D(R;R,) - DIMR,*-R,) - DIM*™-R;) (11)

various bond dissociation energies by eq 11. Bond energy
data for the species MR;R,* are not available. Hence we
will assume bond additivity and approximate D(MR,*-R,)
by D(M*-R,). Using D(C-H) = 95 kcal/mol and D(C-C)
= 85 kcal/mol as typical values for carbon-hydrogen and
carbon—carbon bond dissociation energies permits several
conclusions to be drawn from the data presented in Table
I. Bond energies to iron are the strongest and the ener-
getics suggest that insertion into both C~H and C—C bonds
should be significantly exothermic and indiscriminate.
These processes should be highly selective for nickel ions,
while cobalt ions represent an intermediate case.
Consistent with the above considerations, iron ions are
less selective in inserting into C-C bonds of alkanes. In
I, it was noted that initial oxidative addition occurs
preferentially with the weakest bonds of the alkane. This
is true for both Co* and Ni*, as can be seen from the less
frequent production of methane, resulting from M* in-
serting into terminal C-C bonds, than products from re-
actions involving insertion into internal C-C bonds.
However, insertion into the stronger terminal C-C bond
is much more prevalent for Fe* reactions, as indicated by
the higher proportions of loss of CH,, H, + CH,, and 2CH,.
The M(alkadiene)* products probably arise from M(al-
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kene)* complexes which are formed by both initial loss of
H,; and initial loss of CH, (Scheme IV).

Another feature of the reaction of Co* with alkanes
noted in I is that transfer of secondary $-hydrogens in
reaction intermediates is more likely than primary §-hy-
drogen transfers.!? For example, in the reaction with n-
pentane, intermediate 7 which results from initial insertion
into an internal C—C bond can either transfer a secondary
B-hydrogen and eliminate ethane or transfer a primary
B-hydrogen and lose propane (Scheme V). The product
distributions listed in Scheme V show that in reactions
with Ni* as well as Co* a secondary $-hydrogen transfer
is greatly favored. However, reactions of Fe* with n-
pentane and other alkanes deviate somewhat from this
pattern. This may be due to the higher internal energy
of 7 caused by the greater exothermicity of the initial
insertion of Fe* into the C-C bond.

The M(alkene)* products may retain part of the exo-
thermicity of the initial insertion reaction as internal ex-
citation. Because the insertion process is most exothermic
for Fe*, one expects the Fe(alkene)* product to have more
energy to further react than the corresponding products
of Co* and Ni*. Consistent with this observation are the
higher proportions of M(alkadiene)* products of reactions
of Fe* with alkanes relative to reaction of Co* and Ni*.

Periodic Trends in Metal Ion Reactivity. The group
8 metal ions Fe*, Co*, and Ni* exhibit very similar re-
activity with alkanes. Subtle differences are rationalized
as being mainly due to differences in reaction thermo-
chemistry. We have also examined the reactions of Mn*
and Cr* with alkanes.® In comparison to the group 8

(30) Halle, L. F.; Armentrout, P. B.; Beauchamp, J. L., unpublished
data.

metals, these species are quite unreactive, and processes
such as dehydrogenation and carbon—carbon bond cleavage
are not observed. In part, this is due to weaker metal-
hydrogen and metal-carbon bond dissociation energies for
these elements. The possible relationship of these results
to the electronic structures of the organometallic fragments
is discussed elsewhere.!! To compare with Co*, we have
also briefly examined the reaction of Rh*3! (which in
analogy with Co™* has a °F ground state derived from the
d® configuration). Unlike Co*, Rh* does not readily cleave
carbon-carbon bonds and instead is observed mainly to
dehydrogenate hydrocarbons. With these limited results,
it is obviously difficult to offer many generalizations con-
cerning periodic trends in reactivity and thermochemical
properties. Studies of a wider range of atomic metal ions
and clusters are currently in progress. In addition, we are
developing sources of metal atoms which will permit re-
lated chemistry of the neutral species to be explored.
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Evidence is adduced from variable-temperature 3C NMR studies for the presence of two conformers
in CD,Cl, solutions of the title compound. Line-shape analyses are consistent with the assignment of C,
symmetry to both conformers. In one of these, two terminal methyl groups on N-Et are proximal to the
metal atom, while in the other only one such group is proximal. Interconversion of the conformers requires
a barrier of AG* = 10.4 kecal mol™l. The conformational variability in this system parallels similar findings

for hexaethylbenzene transition metal » complexes.

Recent structural studies of hexaethylbenzene (HEB)
transition metal = complexes of the type (HEB)-ML;, (1)2
have provided evidence of a marked preference for the four
conformational types shown in Figure 1 (top and bottom
rows). Examples of three types are known:? la ((HEB)-

(1) (a) University of Dundee. (b) On leave from South Dakota State
University, 1980. (c) Princeton University.

(2) Iverson, D. J.; Hunter, G.; Blount, J. F.; Damewood, J. R., Jr,;
Mislow, K. J. Am. Chem. Soc. 1981, 103, 6073. Hunter, G.; Blount, J. F.;
Damewood, J. R., Jr.; Iverson, D. J.; Mislow, K. Organometallics 1982,
1, 448.

Cr(CO)3, (HEB)Mo(CO)s), le (HEB)Cr(CO),PEt;), and
1h ((HEB)Cr(CO),PEt;, (HEB)Cr(CO),PPhy)). Although
no representative of the missing type le has yet been
reported, a formal analogy may be drawn between 1l¢ and
2¢ (Figure 1, middle row), the conformation found in the
crystal of tricarbonyl(hexaethylborazine)chromium(0) (2).3
In this compound, which also has the distinction of being
the only borazine transition metal complex with a known

(3) Huttner, G.; Krieg, B. Angew. Chem., Int. Ed. Engl. 1971, 10, 512;
Chem. Ber. 1972, 105, 3437.
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