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ABSTRACT

THE CHEMISTRY OF FIRST ROW TRANSITION METAL IONS WITH
PRIMARY AMINES IN THE GAS PHASE:

CORRELATIONS OF REACTIVITY WITH ELECTRONIC STRUCTURE

By

Susan J. Babinec

In the past several years, an extensive body of literature has appeared
in the area of gas phase organometallic ion/molecule reactions. Most of
the observed reactions can be explained by assuming that the first step of
the interaction is metal ion insertion into a bond of the organic molecule.
To be presented are ion cyclotron resonance spectrometry investigations
of reactions of first row transition metal ions with a primary amine. They
parallel the literature in that, for other types of organic molecules, selectivity
in the insertion step is characteristic of the particular metal ion. An
explanation of the reactivity trends of the first row transition metal ions
is suggested based on the thermodynamics of the metal insertion process
and on the metal electronic configurations which are conducive to formation
of the reaction intermediate. Extended Hiickel molecular orbital calculations

are presented to support the bonding scheme for the reaction intermediate.






ACKNOWLEDGEMENTS

I would like to express my gratitude to my research advisors, Professors
John Allison and James Harrison for their guidance, and to the Dow Chemical
Company for their financial support of this work.

This thesis is dedicated to my parents Tom and Audrey Balistreri for
their unending confidence, and most of all to my husband Michael whose

patience and sense of humor made this possible.

s







jus

TABLE OF CONTENTS

ICR SPECTROMETRY
a. Principles of ICR

B. Interpretation of Data for Metal Ion Studies

ICR STUDIES OF TRANSITION METAL CHEMISTRY
A. Overview and History

Summary of Reactions of First Row Metals
Summary of Reactivity Trends

The Amine Anomaly

7T o0

Purpose of the M*-amine ICR Study

TRANSITION METAL AMIDES IN THE CONDENSED PHASE

RESULTS AND CONCLUSIONS
A. Experimental
B. Results

C. Discussion

EXTENDED HUCKEL STUDIES OF METAL-AMINE INTERACTIONS

A. Introduction
B. Principles of Molecular Orbital Calculations
C. The Extended Hiickel Method

D. Additional Nuclear-Nuclear Repulsion Term






VI. COMPARISON OF Ab-INITIO, SCF AND EHMO
TREATMENTS OF NiH and NiHg

A.

VIII. EHMO TREATMENT OF METAL ION INSERTION INTERMEDIATE

w

m oo oo

B
C.
D

NiH
NiHg
First Row Transition Metal Dihydries

Summarized Critique of EHMO Theory

NHy
Ni-NHj

Cg9Hg Fragment

Ni-CoHs

NHy-Ni-CHs

(i) Ni-NHg bond strength

(ii) B8-Hydrogen Shift

VIII. SUMMARY

IX. REFERENCES






LIST OF TABLES

Metal Ligand Bond Dissociation Energies

Reactivity of Amines with Co*

Products of Reaction of n-Propyl Amine with Products from
Electron Impact on the Metal Source

Products of Reaction of M* with n-Propylamine

Products of Reaction of ML* with n-Propylamine

General Reactions of MLy* with C3H7NHy

Branching Ratios - % of Total Reaction

Implied M*-NHy Bond Strengths

Electronic Configurations M* and Bonding

Promotion Energies of First Row Transition Metal Ions

Analysis of NiH by Several Techniques

Summary of NiHg Results

Geometry Summary of NH9-Ni-CoHs

Summary of Electron Density Between Atoms: NHZ-Ni»CgH_a
Summary of Atomic Charges: NH9-Ni-CoHs

Overlap in Atomic Orbitals for NHy-Ni-C9Hs, Equilibrium

Geometry






LIST OF FIGURES

Block Diagram ICR Spectrometer

Diagram of ICR Cell

First Row Transition Metal STO's

Hellman-Feynmann Electrostatic Repulsion Model

Ni-H Bond Length, Energy Set 1

Ni-H Bond Length, Doublet State, Energy Set #2,

Equilibrium Bond Length of 1.30 A°

Ni-H Bond Length, Quartet State, Energy #2,

Equilibrium Bond Length of 1.50 A°

NiH: HOMO and LUMO Energy vs. Bond Length

EHMO Diagram of NiH

Linear NiHg, Second Bond Length vs. Energy, First NiH Bond
Length 1.30 A°, Singlet and Triplet States

H-Ni-H Energy vs. Bond Angle for Doublet and Triplet States
NiNHg, Energy vs. Ni-NHg Bond Length, Nickel 4s13d9 Ground
State

NiNHg, Energy vs. Ni-NH9 Bond Angle

Ni-CoHs; Energy vs. Bond Length

EHMO Diagram of NHy-Ni-CgHg

vi






CHAPTER I

ICR SPECTROMETRY






L Ion Cyclotron Resonance Spectrometry Principles
A. Principles of ICR

The theory of ICR spectrometry has been thoroughly presentedl_s.
Important operating concepts are presented below.

Figure 1 is a block diagram showing the main components of the
spectrometer system. Figure 2 is a diagram of the ICR cell which is situated
in a magnetic field. Primary mass spectrometric functions occur in this
cell: ions are formed in the source, and analyzed on their response to
iscillating electric fields in the analyzer.

Since ions, formed by electron impact, are in a magnetic field, they
experience a force at right angles to the velocity vectors which are
perpendicular to the magnetic field. This velocity is due to the ion's thermal
energy; (i)mv2 = KkT. In terms of the reference axis in Figure 2, the magnetic
field is in the z direction and, therefore, ions travel in a circular orbit in
the xy plane. Since the system is in equilibrium, centrifugal force equals
the magnetic force, and so the radius and frequency of orbit can be described
as follows:

Centrifugal Force = Magnetic Force

mv? =Q VB &)
R €
R =cmv
QB
W orx=an
SR WM ()

where:
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R= radius (meter)

C= speed of light

M = mass (AMU)

B = magnetic field strength (Tesla)
V = velocity (m/sec)

W = cyclotron frequency (sec™1)

Q = charge (coulombs)

To prevent ions from drifting to plates 2 and 4 and being annihilated, a trapping
potential is applied. This creates a potential gradient of about .25 volt/cm
from the center outwards to the plates. At thermal energies, this is a sufficient
potential well for holding all ions in the center of the cell.

To move ions out of the source region, in the positive x direction, a voltage
is applied across the top and bottom plates 1,5,3, and 6. In the electric field,
the circulating ion accelerates when it goes with the field and decelerates
when moving against it. Since the radius depends on velocity, the radius is
different during different parts of the orbit. The net result is a cycloidal path,
and a drift out of the source toward the collector. Detection is based on the
ion's mass/charge ratio which is inversly proportional to the cyclotron frequency.

The marginal oscillator (m.o.) is a constant current device which provides
oscillating electric fields across the top and bottom plates 5,6 in the cell.
When an ion's cyclotron frequency matches the applied m.o. field's frequency
the resistive impedance of the cell changes, and so the voltage to drive the
current must change.

Detection is based on power absorption which is equivalent to a voltage

change in the constant current generator.

V =ixR







P = power

i = current

R = DC resistance, AC impedance

V = voltage
The sign of the voltage on the trapping plates 2,4 alternates at 20 Hz between
+/4and +/- so that the cell alternates between trapping and annihilating positive
ions, respectively. The signal measured is the difference between peak-to-peak
voltages in these two modes, as determined using a lock-in amplifier. The
marginal oscillator frequency is usually set at 153 KHz so that 1 amu mass
change is equal to 100 gauss (0.01 tesla).

Plates 7, 8 and 9, 10 at ground potential collect ions after they move
through the cell. These plates are connected to an electrometer and are used
to monitor total ion current.

ICR spectra are obtained by slowly varying the magnetic field with the
detector operating at a constant RF frequency. A plot of power absorption
vs. magnetic field gives a mass spectrum which is linear in mass.

The double resonance experiment assigns precursors to product ions so
that reaction paths can be "unambiguously" determined. In a double resonance
experiment the magnetic field is static so that the concentration of an ion
of a single m/z (mass-to-charge) value in the analyzer can be monitored. At
the same time, a second oscillator is connected to the source and its frequency
varied. Just as in single resonance in the analyzer region, ions in the source
absorb power when at resonance, increase their translational energy and radius
of orbit, to a point where they are "ejected" from the cell. A drop in product
ion intensity in the analyzer region indicates that a precursor has been ejected.
Because the magnetic field strength is the same in both regions, equation (2)

can be rearranged and solved for the identity of precursor ion in the source
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when the double r oscillator frequency in the source is known:

= (Wproduct)Mproduct)(C) i (Wprecursor)Mprecursor)(C) (

B 2)
Q Q
or
Wproduct
Mprecursor = wp— (Mproduct) (3)
precursor

This technique implies a time frame for the ion-molecule reactions. If
the reaction is so fast that products form in the source, or so slow that the
precursor will be in the analyzer region, double resonance will not be successful.
Also note that if A*—B*, and BE—C™, then both A* and B* will be determined
as precursors of C*. A more detailed discussion of this technique is in the

literaturel,5-7.

B. Interpretation of Data for Metal Ion Studies
This thesis involves studies of organometallic ion/molecule reactions of
the general type M* + AB—jproducts, where M* is a metal or metal containing
species, and AB is an organic molecule. Some general points to be considered
when interpreting ICR data for reactions of this type are given below8.
1. Typical residence times in the spectrometer are on the order of
milliseconds, which is about 3 orders of magnitude larger than those in
a conventional mass spectrometer. At the usual experimental pressures
of 1075 torr, and this residence time, primarily single collision processes
are observed.

2. lons possess only thermal energy;

KE = ()(mv?2) = KT
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In a conventional spectrometer ion kinetic energy is significantly increased

by the high voltage repeller plates.

3.

4.

Reactions are assumed to have no activation energy.

Additional energy in the form of light or heat is not put into the system.
Therefore only exothermic or thermoneutral reactions are observed. The
total AHpreaction can be approximated by reactant and product heats
of formation. Product ion energies are also a part of the energy balance
but they cannot be measured. For an ion-molecule reaction of the type

M* + AB— Products:

Total Reaction Enthalpy % Energy In - Energy Back

Y Energy to Break Bonds - (Energy to Form New Bonds + Product Kinetic Energies)

Using this type of analysis upper and lower limits on heats of formation
and bond strengths can be estimated.

Bond strengths to highly coordinated (e.g. Fe(CO),*) metal ions would
be expected to differ somewhat from those of bare ions (e.g. Fe') since
the amount of electron density available for bonding changes with the

number and type of ligands.






CHAPTER II

ICR STUDIES OF TRANSITION METAL CHEMISTRY
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II. ICR Studies of Transition Metal Chemistry

A. Overview and History

Transition metal chemistry has been studied extensively in solution and
on bare metal and metal oxide surfaces. In the condensed phase, important
factors affecting the chemistry are ligands and the solvent, which effect
both the reaction energetics and properties of the metal center. Another
factor which can be important in chemistry on surfaces is crystalline structure.

The study of the bare metal center by ICR spectrometry is relatively
recent, dating back to only the early 1960's%10. The atomic orbitals of a
single metal center are different than the molecular orbitals of a coordination
compound, or the band structure of a metal surface. Therefore, it would be
reasonable to expect different chemistries for each of the three cases.

A useful tool for studying chemistry of isolated, bare transition metal
ions is Ion Cyclotron Resonance (ICR) spectrometry. In an ICR experiment
gas phase metal ions can be allowed to react with neutral organic molecules
at relatively low pressures -1075 to 1076 torr. Under these conditions the
simplest chemical event, the bimolecular collision, occurs.

The first mass spectrometric studies of transition metal containing
molecules were on the fragmentation patterns of metal carbonyls%:10. Their
volatilty allows for easy introduction into the mass spectrometer. Properties
of these compounds are of general interest since they are prevalent in
organometallic chemistry and catalysis.

Bimolecular reactions of metal ions with their neutral parent were first
reported in 1964 by Schumacher and Taubenest who observed the formation
of a dinickel complex from a nickel cyclopentadiene complex!l. Bimetallic
ions formed by ion/molecule reactions were also studied by Beauchamp in

1971 with Fe(CO)slz. Muller in 1974 observed two types of reactions; formation
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of small metal clusters (as did his predecessors), and ligand substitution
reactions!3. Beauchamp also reported reaction of ions formed by electron
impact of Fe(CO)5 with small molecules such as CH3F, HCl, NH3 and HpO12.
From these first investigations it became apparant that ICR studies could
provide insights into metal-metal and metal-ligand chemistry, and
thermodynamic information on bond strengths.

Ridge and co-workers were the first in 1976 to explain metal ion-neutral
reactions as the formation of metal to carbon bonds by oxidative addition
of the metal ion M*, across the polar bond, C-Al4,

The M* insertion, 3-H hydrogen shift mechanism has been thoroughly
evaluated since the initial reports, and is now commonly accepted. In general

terms the three steps of the mechanism are:

Oxidative Insertion into Polar Bond:

MY+ D—A— )—Nl—A @)

B-Hydrogen Shift:

—> \”—i\"x—A——>\|[»1\'1—HA
I

(5)

Competitive Ligand Loss:

Sl T+ HA i
N+ f—HA

Representative examples of this chemistry are:

Nit + CoHgl — Nil* + CgHj
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Ti* + CgHg— TiCgHyt + Hg

Fet + CgHg— FeCoHyt + CHy

Gas phase chemistry generally differs from that in solutions. Rather
than carbon-carbon bond formation, dehydrogenation and C-A bond breaking
predominates1 2,

The insertion/g-hydrogen shift/competitive ligand loss sequence is generally
valid, but the specific reactiondepends on the particular metal ion and on the
organic substrate. A sufficient body of descriptive chemistry has been
generated, enough to provide a first level approximation of reactivity trends.
What follows is the summary of the chemistry of first row transition metal
ions, organized by metal ion. The purpose is to indicate the overall level of
activity of the metal ion by citing representative reactions. The most reactive
metal ions are those which insert into the many different types of bonds; C-C,
C-H and C-A where A is various oxygen, halogen, or nitrogen functionalities.
In some cases the chemistry depends on the source of the metal ion.
Volatilization/ionization techniques are discussed for these in context of their
impact on the reaction path.

Two other types of experiments will be referenced since they provide
structural and thermodynamic information about metal-ion/molecule reactions.
Collision-Induced-Decomposition (CID) experiments explore structure of the
(M*+substrate) species via their fragmentation patterns following collision with,
eg., argon. Beauchamp and co-workers studied the thermodynamics of
ion/molecule reactions. In their ion beam experiments the kinetic energy

of M* is varied and the onset of different reaction paths is determined.
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B. Summary of Reactions of First Row Metals

Titanium. Titanium reacts with saturated -alkanes by inserting into both
C-C and C-H bonds to eliminate small alkanes and hydrogen respectively.
Of these two reactions, the preferred path is elimination of one or more
hydrogens to create unsaturated ligands. The strong Lewis acid character
of the Ti* ion was cited as the driving force for Hy elimination!3.

The chemistry of the TiCly* ions (x = 0 to 4) has been characterized with
small olefins19. The reactions precede with loss of Hg or HC1 depending on
the value of x, or with loss at small olefins for substrates having more than
5 carbons.

In the gas phase chemistry of Tit with halomethanes, alkyl chlorides,
chloroethylenes and chlorobenzene, the predominant reaction was chloride
transfer and oxidative halogen transfer to produce TiX* (where X : halide).
Dehydrochloration of vinyl chloride resulted in formation of TiClg(ligand)'.
The possibility of endothermic reactions were raised in this study because
the laser volatilization/ionization of titanium may have produced "hot" Ti%t
reactant ions. |

The chemistry of Ti* with compounds containing C-O single and double
bonds is characterized by the formation of TiO* and elimination of either
a radical or alkene respectively. Much of the driving force for these reactions
is the formation of the strong Ti*-O bond. Reactions were not observed with

carbonyl compounds having more than five carbons.

Chromium. The Cr' ion is relatively unreactive, and has not been
characterized as well as some of the other first row transition metal ions.

Cr* can be produced by thermal decomposition of CrClg on a hot rhenium
surface, followed by surface ionization. This Cr* reacts with methane to yield

CrH*. In endothermic reactions with ethylene and cyclopropane it forms







13

Cr—CH2+. Beauchamps kinetic energy threshold analysis defines the chromium
ion-carbene bond strength as 65 + 7 kcal/mole.

The Cr* ion formed by electron impact on Cr(CO)g forms Cr-CHs' in
its reaction with methane, at thermal translational energies.

The above discrepancy is resolved by considering electronically excited
states. If excited Crt were formed by electron impact on Cr(CO)g, the
thermodynamic analysis of the reaction assuming reactants in their ground
states would yield incorrect results. Electronically excited Cr* has been
involved in other reactions. Ridge et al.l® suggests that two Cr* species are
formed on electron impact of Cr(CO)g. The state which reacts slowly with
Cr(CO)g is twice as abundant as the rapidly reacting state. Other studies
have focussed on the types of species produced by electron impact on Cr(CO)g,
but are not in agreement20’21.

In his analysis of the reaction of Cr* with butane Ridge found products
indicative of insertion only into the weakest C-C bond, and that hydrogen
elimination dominated. The CID spectra of these ion/molecule complexes
yielded mainly the Cr* fragment. Although these species were formed from
Cr(CO)* and not Cr*, the results suggests that the neutral organic retains
its integrity and that "Cr™" does not directly insert into the bond.

The chemistry with compounds containing C-O bonds is greatly influenced
by the strong Cr*-O interactionl!®. The product of Cr* reaction with
diethylether, CrCoH40" was explained by the metal insertion, B8-H shift
mechanism. In its reaction with polyethers small ligands were formed with
a total of more than one oxygen to one Cr* ion. The chemistry with crown

ethers also produced ions with high O:Cr ratios.

Manganese. ICR spectrometry has characterized reactions of both Mn*

and Mny* since both are major ions from electron impact on Mng(CO)q .
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Both-Mn* and an* are completely unreactive with saturated alkanes23,47.
The carbene Mn-CHy* can be formed from ethylene oxide or cyclopropane.
If the oxide MnO™ is formed by reaction of Mn* with NO, then the metal carbene

can be produced from ethylenel9.

CZH" MnCH,*
CH0
MnO* f
CoHy

These reactions yield a bond strength for Mn*-CHg of about 92 to 100
kcal/mole. This can be considered to be a very strong bond. The Mn* ions
for these experiments were produced by 100 eV electron impact ionization
of Mng(CO)1g. Excited states of reactant ion Mn* were dismissed because
appearance potential curves for MnCHZ+ from cyclopropane matches that
of Mn*.

Both Mn* and Mny* form the bromide, M*-Br, in their reactions with
alkyl bromides. I\In2+ but not Mn* will dehydrohalogenate alkyl halides. an*
will also lose an Mn atom to form the Mn*-RX adduct in its reactions with
alkyl halides (RX). Those reactions with alkyl halides have been explained
as occurring by interaction with only one end of the halide rather than insertion
into the C-halide bond?23.

The Mng* cluster is of interest because it has an electron configuration

between Mng and CI‘QZZ. These dimers result, primarily, from 4s ¢ bonding:
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P . S
4 A
/ \
// \
455,57 N ds
__.<\ /}___
\
. /
ok o | | 1
Cr Mny* Mng
Bond Order 1 0.5 0
Bond Strength 1.56 eV 0.85 eV 0.33 eV

Copper. Copper ions are produced for gas phase studies by laser
volatilization/ionization since stable, volatile copper carbonyls do not exist.
Freiser evaluated Cu' as a chemical ionization reagent with a series of
oxygenated compounds24. Definite reactivity trends were identified and
explained as dissociative attachment of Cu® to the substrate followed by
hydrogen migration and dissociation. Products of neutral insertion into the
C-OH bond of alcohols were not observed. Freiser concluded that none of
the reactions uniquiocally required initial metal ion insertion into the bond.
However, the metal insertion/ B -hydrogen shift/ligand loss mechanism is
consistent with reaction products.

Similarly, Staley's report of reaction of Cu* with alkyl chlorides were
explained as initial association of Cu® at the chloride site followed by halide
transfer and loss of RY. These results did not provide any direct evidence
for insertion into C-Cl bonds25. For both Freiser's and Staley's studies, kinetically

hot Cu™ were suggested as possible reactive species. Freiser also did clustering
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reactions and found that the coordination complexes which were formed had a

close correspondance to those which are formed in sclution76

Iron, Cobalt, Nickel. The group 8 metal ions have very similar gas phase
chemistry with most compounds%‘“. With alkanes having more than 3 carbons,
Fe*, Co* and Ni* all insert into internal C-C bonds to form olefin complexes.
Fe' also inserts into the stronger terminal C-C bond and C-H bonds. Co*
and Ni* are selective against insertion into the terminal C-C bond28,29,31-34,
Collision induced decomposition spectra of metal containing products indicate
that primary B-hydride transfer is more facile than secondary for Fe*, while

*28. All three decarbonylate cyclopentanone,

the reverse is true for Co* and Ni
but again Fe* shows less selectivity also eliminating both Hy and C4Hg?28.

A recent article by Freiser reports that FeO* is more reactive with
saturated alkanes than Fe'. This was attributed to the thermodynamically
more favorable loss of HpO than simple hydrogen elimination40.

In their reactions with alkyl halides (RX) and alcohols (ROH), the ions
were observed to insert into the polar RX and ROH bonds. Ni* was postulated
to have a higher affinity for halogens since it formed primarily NiX* and the
other two formed mainly FeR* and Cor*30,

In a comparison of proton affinities of first row transition metals,
Beauchamp identified periodic trends, and noted that the bond energy depends
heavily on geometry and orbital hybridization. Of all the carbonyls, iron
pentacarbonyl has the greatest bond strength26.

Zinc. Little information is available on the gas phase chemistry of Zn*.

One reaction which has been characterized is proton transfer as a function

of ion kinetic energies with the zinc atom. Proton transfer results in the ionized

zinc species—ZnH*. Comparison of low energy and high energy sources of RH*

indicate that the rate depended on internal and kinetic energies of reactants
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and that the mechanism involved formation of an excited state of ZnH*. The

only reaction reported with protonated alkyls was charge and proton transfer43.

C.

Summary of Reactivity Trends

In a very few words, the above can be summarized:

Ti* and Fe' are the most reactive first row metal ions. Their reactions
produce ions and neutrals characteristic of insertion into C-H, C-C and
polar bonds of alkyl halides and oxygen containing compounds.

Ni* and Co* are the second most reactive. Products of their reactions
indicate discrimination between bonds based on bond strength. They tend
to insert into weaker bonds.

Cr* and Cu' rank about third in reactivity. Analysis of their reactions
indicate that they often may not insert into bonds but may interact by
"outer sphere" mechanisms.

Mn* and Zn* are usually unreactive.

Sc* and V* have not been characterized.

If the above relative activities were scaled and plotted against atomic

number, an interesting plot results:

Unreactive
Marginally / /
Reactive /

Some Reactive o0—0
Very Reactive /

——o— © —— Atomic #
Sc¢ Ti V Cr Mn Fe Co Ni Cu Zn
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This plot resembles a typical plot of any given periodic property of
transition metals. In this case, level of reactivity with hydrocarbons is plotted
instead of the usual properties such as ionization potential, atomic or ionic
radius, electronegativity, electron affinity, and others. Periodic nature is
generally attributed to filling the oribitals (d orbitals in this case), and the
extra stability of half and totally filled orbitals. That is, these properties
are a function of electronic configuration.

In transition metal chemistry, electronic configuration is used frequently
to pattern trends in geometry and reactivity. Best stated by J.K. Burdett
in his text on theoretical models in inorganic chemistry; "...very often molecular
properties may be rationalized purely on the basis of electronic configuration
rather than the exact nature of the metal and the ligands"44.

Some examples of the utility of explaining trends with electronic
configurations are: 1) Extra stability is associated with compounds of noble
gas configuration; 2) Geometry is related to the d" configuration; 3) Simple
crystal field theory predicts magnetic and spectral properties; 4) The
Jahn-Teller Theorem predicts the consequences of degenerate d orbitals; and
5) Reactivity is related to configuration. Octahedral a6 species have a
saturated coordination sphere and undergo reductive elimination rather than
oxidative addtion. Good choices for the latter reaction are unsaturated d3
and four coordinated d10 species45.

Bonding is also discussed in terms of configuration. d electrons of coordina-
tion compounds must first pair up in order to free orbitals for bond formation.
For example, the 4s electron must be promoted to the 3d orbital in order to
be occupied by the incoming ligand. Conversely, the sigma bond in
organometallics is made by pairing odd electrons of the organic radical and

the metal. In either event, dative or sigma bond, the metal must obtain a
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suitable electronic configuration in order to form a bond. If the ground state
configuration is not conducive to bond formation, an excited state of the metal

must first be formed:

Rearrange 3 M* Form Bond | M-R
+ "Promotion Energy" +R- or R*
ground excited state Bonded
state bonding configuration Species

These ideas are the same as hybridization theory for main group elements.
Were it not for the formation of the carbon 2s12p3 excited state, there would
not be tetrahedral geometry for carbon. The energy required to form the
excited state can be manifested in several ways. For example, the bond angle
of Group VA and VIA hydrides decreases as the central atom "hybridization
energy" increases. Another example is the difference in the strength of the
two C-O bonds in COg. The energy required to break the first and second
bonds is 127 kcal/mole and 256 kcal/mole, respectively. The weakness of the
first bond has been attributed to the greater "promotion" or "hybridization"
energy in comparison to the remaining bond. This energy reduces the overall
thermodynamic bond strength which is that measured experimentally46.

The past utility of considering contributions due to electronic configuration
can not be denied. The purpose of this thesis is to explore the extent of
influences of electronic configuration on the chemistry of a very simple transiton
metal species - the bare M* jon. Further, if electronic configuration is a

significant factor, can it be used to predict trends in M* chemistry?






20
The existing data base of bond strengths of first row transition metal
ions to organic species such as CHg, H, CHg, O suggests two correlations.
First, for R=CH3, H, CHy, Fe*-R bonds are stronger than Co*-R or Nit-R

bonds. Second, for all metal ions: M*-H < M*-CH3 < M*-CH,.

Table 1. Metal-Ligand Bond Dissociation Energies kcal/mole

Cr'-R  Mn*-R  Fe’-R Co'-R Ni*-R  Zn'-R
R=H 35+4 53+3 58:+5 52:4 43:2 604
R=CH, 37+7 71+7° 68+4 6l1:4 48:+5 671
R=CH, 65+7 94+7 96:5 85:+7 866
R=0 77+5 57:+3 68+3 65:3 45:4
promotion  34.2 0 0 9 24.0 0
energy
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In 1981 Beauchamp et al.47 first reported a correlation between these
metal ion-ligand bond energies and electronic configuration of the metal ion.
For first row transition metals there is a linear relationship between the energy
of the lowest 3d"~1l4s configuration and the M*-R bond strength for R=H and
R=CH3 (see figure below). This suggests that the metal-ligand bond involves
primarily the 4s orbital of the metal. The conclusion is in agreement with
theoretical studies of bonding of first row metal hydrides3. The correlation
does not hold for carbenes and oxides, presumably because there is substantial

T character to these, at least for some M*.

n o
3 8
T T

Promotion Energy (¢"= ¢'d"™") keal/mol
)
T

a0 50 60 70
D(M'=R) keol/mol

A single metal configuration could not describe this bonding. The
correlation also does not hold for the second row group 8 metal ions Rh* and
Pd*, which indicates that the 4d"’1531configura1ion is not important and that
the bonding is predominately through the metal's 4d orbitals.

Thermodynamics also relates to the selectivity as well as the reactivity
trends previously mentioned. The Fe® ion which forms the strongest bonds,
is indiscriminate for insertion into C-C versus C-H bonds which differ by about
20 kcal/mole. The Ni® ion is much more selective as indicated by branching

ratios of reactions with alkanes. Co™ ranks between these two. This ranking
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matches precisely the ranking of the metal ion bond strengths. The two first

row transition jons with largest promotion energies, Cr* at 34.2 kcal/mole
and Cu* at 63 kcal/mole, are only mildly reactive4?. However, the lack of
reactivity of Mn* and Zn* cannot be similarly explained. Therefore the data
in Beauchamps table cannot be used to predict reactivity of M*. Note that
the metal ion reactions usually proceed via M* insertion into a bond and that
this requires formation of two bonds to the metal.

Periodic trends were also noted in proton affinities of organo-transition
metal complexes, where protonation occurs at the metal center. Of the first
row transition metal carbonyls, the maximum proton affinity is for Fe(CO)s,

which is the most reactive ion26.

Carbonyl Bond Energy D(B*-H) kcal/mole
V(CO)g 56 + 3
Cr(CO)g 58 +3
Mn(CO)5(CHg) 67 +3
Fe(CO)s 74+5
Ni(CO)4 62+ 3

It also was noted that the homologous second row compounds had a stronger
bond.

Most recently, a series of papers have been published concerning periodic
trends for metal ions produced by a sparked discharge48-52. Those experiments
differ from the ICR experiment because resulting metal species have a
significant kinetic energy and are not in their ground states. Even though

the plasma-like experimental design makes correlations limited, Bursey et
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al. suggest reactivity trends. They proposed that reaction of fourth period
elements with propane and propene was by metal ion insertion into the C-C
bond and that the 4s orbital was responsible for the reaction. Reactivity trends
were rationalized on this basis, and a correlation was found between product
ion intensity and the inverse of promotion energy to the lowest lying 3dngsl
state. The 4p orbitals are not needed for bonding in this scheme48. Reactivity
of copper ions towards oxygenated compounds is greater for the ions produced
by a spark than for laser ionized copper in ICR studies. More fragmentation
of the original ion-molecule complex was also found. Both effects are attributed
to excited states which are capable of bonding5n. However, these experiments
yield very unpresidented results. The current explanations of reactivity are
high speculative.
D. The Amine Anomaly

One major anomaly of gas phase metal ion-organic molecule chemistry
is the reaction of Co' with primary and secondary amines. Co* has been
characterized with a wide variety of organic compounds and has exhibited

the predicted reactions:

N=Co* + HCI (7)(30)

Co* + >—c1 s
N+ cot— HC
A +
Cot + >— OH 1-Co™ + Hyo0 (8)(30)
N  + co*——H20

BiE e Dl SESR | E (9)(33)

ot # D = lF-Cco* + CHy (10)(28)
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However, reaction with the amine is characteristic of a saturated alkane.

That is, the expected insertion into the C-NHy bond does not occur.

Cot + 03H7—NH2tCo—NH3+ + CgHg
co * + NHg

This unusual behavior was studied by Radecki and Allison. The chemistry
of Co* with primary, secondary and tertiary amines was reported. Analysis
of the chemistry is given below53.

Consider first the overall thermodynamics of the NH3 elimination reaction,

using n-propyl amine as the representative amine:
Co* + CgH7NHg — Co(CgHg)* + NHj3

The total energy of the reaction is the difference between the energy to
rearrange the organic molecule and the energy to form the metal-ligand bonds.
The energy of rearrangement is the difference between the free energy of

formation of ligands and the starting amine.

C3H7NHy —— CgHg + NH3

-18.5 keal +4.ggkeal 1,9 keal
mole mole mole

Energy required = + 12.36 kcal/mole

For the reaction to be exothermic, the "energy back", the cobalt-propene bond

strength, must be greater than 12.36 kcal/mole.
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Fortunately, cobalt ion chemistry has been characterized for other
compounds, and so a number of cobalt-ion-bond strengths to various ligands

are available.

Bondstrength

Bond (kcal/mole)
Co*—H 52 %4
Co*—CHg 614
Co*—CHg 85+ 7
Co*—OH 715

This suggests that the cobalt binds strongly to many ligands, of both sigma
and sigma/pi bonding and that the cobalt ion-propene bond should fullfill the
12.36 kcal/mole requirements.

An estimate of the Co*-propene bond strength is provided by the reaction

of cobalt ion with 2-propanol:

Co* + C3H7OH — Co*-CgHg + Hp0

This reaction provides a lower limit of 12.68 kcal/mole for D(Co*-CgHg),
and therefore predicts the Co*-n-propylamine reaction to be exothermic.

An example calculation is given below:

Co* with isopropyl alcohol
Energy In: C3H70H— CgHg + H9O
-65.6 kcal/mole +4.88 -57.8

Energy Back: Co* + CgHg — Co*-C3Hg
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Total Energy = Energy In - Energy Back

) = +12.68 kcal/mole - D(Co*-C3gHg)

12.68 kcal/mole < D(Co*-C3Hg)

Co* with isopropyl amine

Energy In = C3H7NH9 — C3Hg + NH3

-18.5 kcal/mole +4.88 -11

Energy In 12.36 kcal/mole
Therefore, If reaction with C3H7NHg is exothermic then 12.36 kcal/mole

< D(Co*-C3Hg)

Since the thermodynamics of the overall reaction are favorable, one
mechanistic step must be rate limiting. In the first step, if the metal ion
preferentially inserts into the weakest bond of n-propyl amine, attack at the

carbon-nitrogen bond would be expected.

H H 0 kcal/ H
' l f mole/
C C
| I
H H

H 95 kcal/mole

T Qe

109 kcal/) / H
mole 80 kcal/
mole

Below are the insertion reactions and resulting products listed from most

to least likely to occur based on the strength of the organic bond.
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Bond Products

1st C-NHy Co(CgHg)* + NH3
Co(NH3)* + CgHg
2nd c-Cc Co(CH3NHp)* + CgHy
Co(CgHy)* + CH3NHj
3rd N-H Co(C3H5NHp)* + Hg
Co(Hg)* + CgH5NHg
4th C-H Co(C3H5NH9)™ + Ho

Co(Hg)* + CgH5NHg

The reaction which is most likely to occur does not. According to the
Arrhenius equation, KT = A exp(-Ea/RT), kinetics have both geometric (A)
and thermodynamic (Eg) aspects. Thermodynamics of the metal ion insertion
reaction are described:

NHy
Cot + AN —e—yHiCy

C-NHg = 80 kcal/mole

+
Co

NHy

Co*-CgHy ¥ Co*-CH3 = 61 + 4 kcal/mole

This places an upper limit on the C3H7Co*-NHjy bond at 19 kcal/mole.
This low a bond strength would certainly be an anomaly It is more than 30
kcal/mole weaker than the weakest, the Co*-H bond. The second possibility
is that the encounter geometry is not favorable. Several facts, however, make

this seem unlikely. Analogous reactions with saturated hydrocarbons are facile.
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The cobalt ion also inserts into the carbon-nitrogen bond of tertiary amines
and into other C-N bonds like C-N0292. Using ethyl as the model alkyl group,
Table 2 below shows that the higher C-N bond strength of tertiary amine places
tougher requirements on the cobalt ion-amide bond. Yet, the insertion occurs
only with the tertiary amine. From this it can be concluded that the substitutent
on the amide group greatly effects the bond, and that geometry is not the

controlling factor in metal ion insertion.

Table 2. Reactivity of Amines with Co*

AMINE C—N BOND OBSERVATION: TMPLICATION:
STRENGTH INSERT INTO Co—i
c—~N 2 BOND STRENGTH

(CH ),

YES >59 KCAL
HOLE

The second step of the reaction following M* insertion is a g-hydrogen
shift. Again the well developed chemistry of cobalt indicates that it is facile
and has been observed for many classes of compounds. Therefore, the

g-hydrogen shift will be assumed to be facile.
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Competitive ligand loss is the third possible bottleneck of the reaction.
Loss of a neutral must occur. for any information to be extracted in the ICR
experiment, since identification of products is based solely on mass-to-charge
ratio. For example, both the simple coordination compound Co(CgH7NHg)*
and the intermediate (I) would have the same ratio of 118. The former suggests
that Co* cannot insert into the carbon nitrogen bond, the latter does not.
Additional mass spectroscopic techniques, such as Collision Induced
Dissociation must be used to distinguish between the simple cobalt-amine
adduct and the intermediate(I).

The above can be depicted by the following reaction diagram. The entire
reaction is thermodymically "downhill". The B8-hydrogen shift and competitive
ligand loss steps appear to have little activation energies. Insertion into the
carbon-nitrogen bond is proposed to be rate-limiting due to the thermodynamics
of metal-ion insertion. Further, this is proposed to be due to the anomalously

weak Co*-NHg bond which  appears to be less than 19 kcal/mole.

Co™
+ Hy7C3—Co*——NHjy
C3H7NHg

Co*C3Hg + NH3
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E. Purpose of this M*-Amine Study

The unusual behavior of Co* with amines raises some interesting questions:

1. Would other first row transition metal ions react with amines to give
products which also suggest metal amine bond strengths as weak as
Co"—NHZ? It has been shown that for most M*-R, the bond strengths
generally correlate with the metal ion; and that Co™ has neither the weakest
or strongest bonds.

2. If the M*-NHy bonds are similarly weak, is this related to any unusual
feature of NHg, or does this relate to some property of the metal - such
as electronic configuration, or both?

To answer these gquestions, the chemistry of six first row transition metal
ions Cr*, Mn*, Fe*, Ni*, Cu*, and Zn* and the dimer ion Mnsy*, with a represen-

tative amine - n-propyl amine, was studied.
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1. Transition Metal Amides in the Condensed Phase

There are two interesting points pertaining to the occurance of first row
transition metal amides: 1) primary amides have never been isolated; 2)
of secondary and tertiary amides, fewer stable compounds exist for the later
metals.

There are several possibilities or explanations offered for this. Pi bonding
is suggested by the planarity of the amides, and the short metal-nitrogen bond
lengths. A pi contribution would be reduced in later metals because the more
full d orbitals are less likely to accept electron density from nitrogen. The
lower energy barrier to inversion at the nitrogen makes the importance of
this factor questionable. It has more recently become apparent and generally
accepted that steric effects play a major role. Use of bulky ligands has led
to isolation of complexes with very low coordination numbers, such as
Co[N(SiMeg)gls. The reason for this is the kinetic stabilization offered by
these ligands. The larger the group, the more difficult the condensation process
to product NH3, NHgR or NR3.

To summarize, the geometry of amides is typically planer due to pi bonding.

The stability of these compounds, however, is primarily determined by kinetics

of the reaction to eliminate NR3. Therefore, primary amines are kinetically

unstable.
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IV. Results and Discussion
A. Experimental

All experiments were performed on an ion cyclotron resonance spectrometer
operating in the drift mode using trapping voltage modulation and phase sensitive
detection. The instrument is of conventional design and was built at Michigan
State University. The ICR cell is situated in the 1.5" gap between the polecap's
of a Varian 12" electromagnet which is controlled by a Varian V-7800, 13 kW
power supply and a Fieldial Mark I magnetic field regulator. The cell is 0.88"
x 0.88" x 6.25". 70 eV electrons are used for ionization. A Wavetek Model
144 sweep generator is the secondary oscillator used to identify precursors
of products in double resonance experiments.

The ICR cell is housed in a stainless steel vacuum system which is pumped
by a 4" diffusion pump with a liquid nitrogen cold trap and an ULTEK 20 L/S
ion pump. Samples are admitted by Varian 951-5106 precision leak valves.
Approximate system pressures are measured by a Veeco RG 1000 ionization
gauge.

Data were acquired as follows. First the electron impact products of
metal containing compounds alone were determined. Spectra up to mass 220
were obtained at both low (5 x 1076 torr) and high(1 x 1075 torr) pressures.
lIons unique to high pressure spectra are the result of ion/molecule reactions.
Double resonance was performed on these and on major ions in low pressure
spectra. The system was then evacuated to a base pressure at 1077 torr, and
the process repeated for the amine. Such mass spectral analyses of each
reactant, separately, allowed for the determination of: 1) ion/molecule reactions
in the single component system, and 2) purity of each compound.

Finally a mixture of the two (organic and~ organometallic) is introduced

into the cell at a 1:1 ratio and a total pressure of 1 x 1075 torr. Ions not present
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in the previous cases are assumed to result from ion/molecule reactions from

ions of one compound with the other neutral p d. Double r

was performed on all product ions. In some cases the ratios of organic to organo-
metallic were adjusted to facilitate determination of precursors. In other
cases the system pressure did not stabilize due to neutral-neutral reactions.
Data reported represent the best attempt at a 1:1 ratio and a total pressure
of 1 x 1075 torr. Significant deviations will be noted.

The n-propyl amine was obtained from Aldrich Chemical Co. Sources
of the metal ions, and their suppliers are given below:

Cr(CO)g - Alfa Chemical Co.

Mng(CO)pq - Alfa Chemical Co.

Fe(CO)s5 - Aldrich Chemical Co.

Ni(CO)4 - Alfa Chemical Co.

Ni(PF3)4 - Alfa Chemical Co.

Cu(CF3COCH9COCF3)g - Research Organic/Inorganic
Chemical Inc.

Zn(C9Hs)g - Alfa Chemical Co.

The anhydrous form of copper bishexafluoroacetylacetonate was obtained
by slow dehydration of the dihydrate in vacuo over fuming sulfuric acid in
a dessicant container. All samples were degassed by three freeze pump thaw
cycles. After degassing the vapor of the liquid samples which typically is
a vapor pressure of about 4 torr, is admitted to an evacuated glass bulb. Sample
bulbs are attached to the spectrometer by a two-sample inlet system. The
three solids; Cr(CO)g, Mng(CO)jp, and Cu(acac)y were gently warmed to raise
their vapor pressure. The vapor pressure of Zn(CgHs)g is sufficiently high
that it does not need to be heated in order to achieve adequate pressure in

the ICR.
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B. Results

Table 3 lists all the products of reaction between C3H7NHj and ions formed
by electron impact on the organometallic compounds. Tables 4 and 5 are similar
listings for products of reaction of M* and ML™* respectively. To indicate
overall level of activity, product ion intensities are relative to M* at 100%.

If only M* and ML* reacted to produce ions, the number in Tables 4 and
5 would sum to the total ion intensity in Table 3. This is usually not the case.
Values in Tables 4 and 5 are the product of ion intensity (Table 3) and double
resonance fraction of precursor M* and ML*. Ions other than M* and ML*
were precursors and therefore intensities do not sum up as expected. For
example Mng* would give Mn-R* products; Ni(PF3)o* was the only precursor
to Ni(PF3)(NHp)} and in some cases the metal amine adduct (M-C3H7NHg")
was a precursor. (Also, the m/z = 30 ion, CHoNHy was frequently a major
precursor).The interest here is not to explore all reaction pathways, so these
precursors are not dealt with in detail.

Table 6 lists the reactions by groupings which are referred to in Table
3, 4 and 5. This will suggest neutrals eliminated in formation of the product
ion. Table 7 lists branching ratio's for most reaction systems, Fe(CO)s, Ni(C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>