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ABSTRACT

THE GAS PHASE CHEMISTRY OF TRANSITION

METAL-CONTAINING ANIONS WITH ORGANIC MOLECULES

By

Stephen Ward McElvany

The gas-phase chemistry of metal-containing anions with l—chloro-n-alkanes,

1-hydroxy-n—alkanes, l-bromo-n-chloro-alkanes, l-chloro-n-alcohols (n=1 to

6), l-nitro-n-alkanes (n = 1 to 4), and n-butyl nitrite is presented. The

metal-containing anions studied (Fe(CO)3,4", Cr(CO)3-5', Co(CO)2,3', and

CoNO(CO)1,2") are formed by low energy electron impact on the corresponding

metal carbonyls, M(CO)n.

The results suggest a common mechanism in which the metal inserts into

the C-functional group bond and the charge is transferred (delocalized) to

the electronegative group (e.g., Cl, OH, and N02). Metal insertion into C-C

and 0-H bonds which is seen in the corresponding positive metal ion reactions

is not observed in the reactions of metal-containing anions. The metal anions

also attack bonds within the functional group in reactions with n-alcohols (0-H

bond) and n-nitroalkanes (N-O bond).

Following formation of the metal insertion/charge transfer intermediate,

rearrangement of the ion may occur. Evidence is presented for a 8-H shift

process in reactions of metal-containing anions, which is also common in the

corresponding positive metal ion reactions. The products from the reaction
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of nitroalkanes are shown to result from rearrangements of the metal

insertion/charge transfer intermediate. The excess energy which remains

in these complexes is then lost through a competitive ligand loss process. This

ligand loss process is quite different from the analogous process for positive

metal ions.

The exothermicity of the charge transfer process appears to determine

the products which are observed. The reaction trends of the various

metal-containing anions suggests the following order of electron affinities

of the metal-containing species: E.A.(Cr(CO)3) < E.A.(Co(CO)2) < E.A.(CoCONO)

< E.A.(Co(CO)3) < E.A.(Fe(CO)3).

Several ligand effects observed in the reactions of metal-containing anions

are discussed. These include the decrease in reactivity as the number of ligands

present on the metal increases and the possible participation of carbonyl ligands

in the metal insertion and rearrangement processes.
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CHAPTER 1

INTRODUCTION

In recent years there has been a growing interest in the study of the

gas-phase reactions of atomic metal and metal-containing positive ions with

organic molecules. Studies of these reactions using ion cyclotron resonance

(ICR)1'4 and ion beam techniquess’8 yield information on the activation of

bonds in organic molecules by metal ions in the absence of complicating solvent

effects. Thermodynamic, kinetic, and mechanistic information concerning

the organometallic and coordination chemistry of metal ions can be obtained

from these studies.

An important area of interest has been the study of the interaction of

metal ions with organic molecules containing specific functional groups. Metal

ions appear to insert into polar bonds such as the C-Cl bond in isopropyl

chloride9. The metal ion (Co+) inserts into the C-Cl bond as shown in reaction

1.

Co++ >—c1 —) 2—00+—Cl fit) Juncéecm (1)

H
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In this intermediate structure, one carbon is a to the metal and two carbons

are 8 to the metal. A hydrogen which is on a B-carbon (i.e. a 6-H) is observed

to shift onto the metal as shown in reaction 1. This 8-H shift mechanism is

common in both solution10 and gas-phase positive metal ion/molecule

reactions“. Following the 3-H shift, rearrangement may occur producing

an HCl ligand on the metal as shown in reaction 1. The metal insertion/ 3 -H

shift mechanism produces two molecules (HCl and propene) from one. These

two molecules then compete as ligands on the metal ("competitive ligand loss")

as shown in reaction 2.

Jun Co+(-CIH ——> J---- Co+ 4' HCI

' (2)

  > Co+ecm + y

The proton affinities of ligands have been shown to parallel the strength of

the metal-ligand interaction”. Ligands which have low proton affinities are

lost preferentially to ligands with higher proton affinities in the competitive

ligand loss process. Ligands which are I -donors (e.g. olefins) also interact

strongly with positive metal ions and frequently are preferentially retained

in the competitive ligand loss process.

In addition to studies of the reaction of metal ions with alkyl

chlorideszi9’11, the reactions of transition metal ions with organic species

such as alkane5516113‘15, alkenes3’6117, alcohols9, amines13, aldehydeslgizo,

ketonesl9’20, carboxylic acids”, esters19, etherszo, sulfides”, and

nitroalkanes22 have also been reported. The major reaction pathway for the

majority of these compounds involves insertion of the metal ion into the
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relatively weak C-functional group bond as the first mechanistic step. This

may be followed by the 8-H shift and competitive ligand loss process similar

to that of the alkyl chlorides. Metal insertion has been observed not only into

C-functional group bonds but also C-C bonds, C-H bonds (e.g. alkanes5’6913‘15)

and even into bonds within functional groups (e.g. nitroalkanes”).

The products which are observed in the positive metal ion reactions can

usually be explained by the general mechanism: metal insertion] 8-H

shift/competitive ligand loss“. The ability to explain and even predict the

products observed in metal ion/molecule reactions with neutral organic

molecules containing various functional groups has led to the utilization of

these metal and metal-containing ions as chemical ionization (CI)

reagentsl9123'26. Metal and metal-containing ion/molecule reactions have

been shown to provide molecular weight, functional group, and structural

information about the neutral organic reactant species.

The metal ions used in these studies may be formed in several ways. The

two most common sources of metal ions utilized have been laser ionization

of metal foils27 which generates the bare metal ion, M+, and 70 eV electron

impact on metal carbonyls (M(CO)n)28. One advantage of the use of metal

carbonyls is that metal ions with various ligands present (e.g. M(CO)x+(x=1

to n)) are formed in addition to the bare metal ion M". This allows the study

of ligand effect51912’13’22125’29 (i.e. changes in reactivity as the number

of ligands on the metal is varied).

The majority of the gas-phase organometallic ion/molecule reactions

studied have dealt with metal and metal-containing positive ions. These previous

studies have reported, changes in reactivity as the type of metal, number of

ligands on the metal (ligand effects), and the neutral organic molecule are

varied. Relatively few studies have been performed on the corresponding
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metal and metal-containing anions; i.e., none has determined changes in the

chemistry of an isolated metal "center" due to a change in the charge on the

metal species.

Early mass spectrometric studies have shown that M(CO)n-1‘ is the

predominant anion formed by 70 eV electron impact on transition metal

carbonyls, M(CO)n, with a small percentage of M(C0)n.2' also being

formed30'32. The first metal anion/molecule reactions studied with ICR were

performed by Dunbar33 and Beauchamp34. The stable l7-electron species,

M(CO)n.1', were found to be generally unreactive in the gas phase, whereas

the M(CO)n.é' anions (ls-electron species) were observed to react with the

neutral M(CO)"33 as shown in reaction 3.

Fe(CO)3" + Fe(CO)5 ~—->-Fe2(co)6‘ + 200 (3)

Recently Wronka and Ridge4 have observed sequential anion/molecule reactions

in Fe(CO)5 up to Fe4(CO)13'.

Reactions of these metal-containing anions with organic molecules have

been studied using ICR and flowing afterglow techniques. Weddle and Ridge35

reported the chemistry of Fe(CO)3' and Fe(CO)4‘ with a series of thirteen

organic molecules. Ligand substitution of the neutral organic molecule for

one or two carbonyl ligands was observed for 9 of the 13 compounds studied.

Only one rearrangement-type reaction was reported, ion-induced decarbonylation _

of maleic anhydride. The predominance of ligand substitution reactions and

lack of (apparent) bond—breaking and rearrangement reactions for Fe(CO)3'

and Fe(CO)4' is not surprising since, in the reactions of asitive metal ions,

as the number of ligands on the metal increases ligand substitution processes

dominate the products observedlil2113122925129. Freiser et. al.36 were able
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to study the chemistry of the bare metal anion Cr" with a series of Br'énsted

acids. Only proton abstraction reactions were observed. The bare metal anion

Cr" was formed during collision induced dissociation on the Cr(CO)5' anion

which was produced by electron impact on Cr(CO)6.

Squires et. al.37 have formed metallocarboxylic anions in the gas phase

(Fe(CO)4COOH') by reacting OH‘ with neutral Fe(CO)5 in a flowing afterglow

apparatus, in an attempt to study the water gas shift reaction. McDonald

et. al.33’39 have also used a flowing afterglow apparatus to study the reaction

of anions formed by electron impact on Fe(CO)5. The anion Fe(CO)4" reacts

with a series of halo-methanes to yield halogen atom transfer products and .

in some cases ligand substitution with loss of one or two carbonyl ligands”.

The reactions of Fe(CO)3' were also studied39 in which adduct products with

the neutral molecule were observed due to the termolecular collisional

stabilization with the He/CH4 buffer gas, in addition to ligand substitution

of the neutral molecule for carbonyl ligands. The reaction of Fe(CO)3' with

~ CilgBr yields a ligand substitution product of CligBr for two carbonyl ligands

and abstraction of a bromine atom from CHgBr (reactions 4 and 5).

Fe(CO)3" + CH3Br Fe(CO)(CH3Br)‘ + 200 (4)

t Fe(CO)gBr‘ + 0113- (5)

The mechanism proposed was the formation of an ion/radical collision complex

produced by the bromine atom transfer, although oxidative addition is still

possible since Fe(CO)3’ has two available coordination sites. It is suggested

that the ion/radical complex could dissociate to produce the bromine abstraction

product or the methyl radical could form a bond with the metal and displace

two carbonyl ligands to yield the substitution product of the neutral CH3Br



in the form:

  

To date, there has been no attempt to formulate a general mechanism

to describe metal-containing anion/organic molecule interactions. The studies

described in this dissertation were initiated in an attempt to obtain an

understanding of the reactions and mechanisms of these metal-containing

anions. Low energy (0 to 5 eV) electron impact was used to produce a greater

percentage of the more reactive M(CO)n_2‘ and M(CO)n.3‘ species from

Co(CO)3NO, Fe(CO)5, and Cr(CO)630'32. The reactions of these

metal-containing anions with a series of n-chloroalkanes, n-alcohols,

n-nitroalkanes, and several bifunctional compounds were studied in order to

propose a general mechanism for the reaction of metal anions with polar organic

molecules.

Based on the current literature, then, what similarities and differences

would be expected in the chemistry of organometallic anions and cations?

Metal anions may be expected to insert into bonds in a manner similar to that

of cations. There is n_o evidence in the literature which suggests that 3-H

shifts may occur for anions, however organometallic anions containing M-H
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bonds have been reported“. If a rearrangement such as

8 -H

M8 + C3H7Cl —’C3H7-Ma-Cl ——-)-(03H6)M3(HCI)

shift

occurs when a is (+), ligand loss correlates with the ligands' proton affinities.

When a is H, ligand loss appears to correlate with Lewis acidity“. Thus,

we may expect both similarities and differences in anion and cation reactions.

The previous studies mentioned have not addressed the question concerning

the location of the negative charge in these anions. In the corresponding positive

ion reactions, the positive charge remains predominantly on the metal due

to the lower ionization potential of the metal compared to that of the ligands

present. In the discussion of the anion reactions, the electron affinities of

the metal species and ligands must be considered when determining the location

of the negative charge. The electron affinities relevant to this work which

are available are listed in Appendix A. The amount of electron affinity data

available on metal carbonyl species is small and incomplete but proves invaluable

in explaining the anion/molecule reactions observed. For example, the electron

affinities of all three bare metals (Fe, Cr, and Co) have been determined,

but the various carbonyl-containing species of only one metal (Fe) have been

determined. It will be shown that the location of the negative charge and

the types of ligands present play an important role in explaining the reactions

and mechanisms observed.



CHAPTER 2

EXPERIMENTAL

A. The Ion Cyclotron Resonance Technique

1. The ICR Cell

Several reviews have been published on the ion cyclotron resonance (ICR)

technique42‘45. The technique is extremely powerful in the study of bimolecular

gas-phase ion/molecule reactions. A typical three-region ICR cell is shown

in Figure l.

"radiating minaret:

Drift vol”; 9 r

m reg-on -

 

 

Drm voltages 9

Source region - -

Trooping vampo—\

 

 

 

  
    

 

Figure 1. Three-region ICR cell43.
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The cell is placed between the poles of an electromagnet with the magnetic

field B (H) directed as Shown. Electron impact is utilized to ionize the sample

molecules in the source region of the cell. Electrons are emitted from a hot

rhenium filament (collimated by B) located outside the cell, pass through the

cell (if not scattered by collisions) and strike the collector.

The motion of a charged particle in a uniform magnetic field (B) is

constrained to a circular orbit of angular frequency we in a plane normal to

B and is unrestricted along the axis parallel to B. The potential applied to

the trapping plates (<.5 V) prevents the ions from drifting to the sides of the

cell. The polarity of the trapping plate potential is made positive to trap I

positive ions and negative to trap negative ions. The force on an ion in the

plane perpindicular to B is given by

F=ma=evB

~ For an ion of mass m, charge e, and velocity v normal to B, an acceleration

a will occur. The force, F, is normal to both B and v. Circular motion results

for sufficiently large values of B with a = v2/r where r is the radius of the

ion path, resulting in the equation of force:

F = ma = mv2/r = evB

If (no is the angular frequency of the ion, then the basic cyclotron equation

(1) may be derived:

mv/r = mmc = eB
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w c = eB/m (radians/second) (1)

or “c = eB/2 11m (cycles/second)

The cyclotron equation may be rewritten as

m/e = B/21Tvc (2)

which shows that at constant frequency, m/e varies linearly with B. Therefore,

a linear mass scale for resonant ions may be produced by varying B.

The ions are made to drift from the source region to the resonance

(analyzer) region of the cell by applying a potential difference between the

plates above and below the electron beam (drift plates). The resulting crossed

electric and magnetic fields cause ions to drift in a direction perpendicular

to both fields. The drift velocity is given by

Vdrift = 6 drift/3 (3)

where Edrift is the electric field intensity. The relationship between the three

vectors (B, adrift, Vdrift) involved is shown in Figure 2.

ea

Figure 2. Vector contributions resulting in the drift motion“.
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The drift velocity for a typical cell (8.6 cm. in length) under normal conditions

is 1150 m/sec. Under these conditions the ion spends NZ X 10‘3 seconds in

the cell. This relatively long ion residence time (compared to conventional

mass spectrometric techniques) results in the formation of ion/molecule reaction _

products due to collisions of the reactant ions with a neutral species.

2. Detection of Ions

If a radiofrequency (rf) field is applied to the drift plates of the ICR cell,

an ion in resonance with this field (i.e., the cyclotron frequency of the ion

and the frequency of the applied field are equal) absorbs energy which results

in an increase in the velocity of the ion. Equation 1 shows that vc is independent

of v and r separately but is dependent on their ratio v/r. Thus, an ion remains

in resonance by increasing its radius in proportion to the increase in velocity.

The absorption of power from an rf field is the basis for the detection

of ions in ICR. The most common form of detector utilized in ICR is the

marginal oscillator (MO) shown in Figure 3.

 

  

  

Amplitude C

Detector I) 3
1

I

I
9

      

    

Figure 3. Simplified circuit diagram of the marginal oscillator detector“.

The oscillator may be considered to be a constant current generator which

drives a parallel LC tank circuit at its resonance frequency. The two analyzer
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drift plates are a capacitive element of the marginal oscillator. Ions'are

detected when their cyclotron frequency (equation 2) is equal to that of the

oscillator. The detector response reflects the change in rf voltage across

the tank circuit. When a signal is observed, a current is generated in the circuit

due to the power absorbed by the ions. The frequency of the marginal oscillator

is usually chosen such that a change of 100 gauss in B corresponds to a change

of one atomic mass unit (11). Using equation 2 this frequency corresponds to

153.57 kHz:

1.6021 x 10-19 c x 0.01 T

vc = _2;-——- = 153.57 kHz

6.2832 x 10. x 1.6604x10 kg./u.

 

The force (field intensity times charge) exerted on the ion which is in

resonance with the rf field will be

F = ma = (eff/2k

where Erf is the rf electric field intensity. The velocity of the ion which has

been in resonance for time t is given by:

t

v = I adt = (erfet)/2m

0

The product of the force on the ion and its velocity yields the equation for

instantaneous power absorption:
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A(t) = Fv = (cl-{2 e2 t)/4m

The average power absorbed by an ion from the rf field while in the analyzer

region for a time (0 < t < T) is

T

A(r) = A(t) = i new: = (erf2e21)/8m <4)

0

Note that in equation 4 the power absorbed by an ion depends inversely on

its mass. It has been shown42 that in marginal oscillator detection the signal

intensity must be divided by the mass of the ion in order to be proportional

to the relative ionic abundance. This is due to the fact that the power absorbed

by the ions is proportional to the time spent in the analyzer region and that

the drift velocity is inversely proportional to the magnetic field (equation

3) (i.e., higher mass ions move slower and thus absorb power from the marginal

oscillator more time than the lower mass ions).

The signal/noise ratio is greatly enhanced by signal modulation and

phase-sensitive detection. Common modulation methods include modulation

of the magnetic field (by a few gauss), the electron beam voltage or current,

or the trapping voltage. Modulation of the trapping voltage (15 to 25 Hz) by

applying a square wave (+Vt to -Vt) to one trapping plate is the most common

modulation technique.

3. Ion Cyclotron Double Resonance

A distinguishing feature of ICR spectrometry is the correlation that can

be made between a product ion and the reactant ion in an ion/molecule reaction.
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This technique is known as ion cyclotron double resonance (ICDR). This is

accomplished by applying an rf signal of variable frequency and amplitude

to the drift plates of the cell. Thereby adding energy to possible reactant

ions while leaving the product ion in resonance with the detector. If the

amplitude of the rf field on the drift plates is large enough, it is possible for

the ions to absorb enough energy to cause them to collide with the drift plate

(i.e., their radius exceeds the dimensions of the cell).

Suppose A+ reacts with B to yield C+ and D as seen in reaction 6.

A+ + B ——1-» 0* + D (6)

It can be seen from equation 2 that me vc is a constant when the product ion

(Cl) is in resonance at the required value of B. Possible reactant ions (mx')

can be brought into resonance at that value of B by supplying the frequency

v ' such that mcvc = mx'vx'. Since A+ (mg) is reacting to form C“ (the),

increasing the velocity (or rate of ejection) of A+ will cause a change in the

amount of C+ which is observed by the detecting oscillator. If reaction 6 is

exothermic, the double resonance ejection of A+ will result in a decrease in

the C+ signal observed. If reaction 6 is endothermic, the acceleration of the

A"' ions by the rf field may drive the reaction faster and cause an increase

in the C"' intensity prior to the ejection of A+.

A block diagram of a basic ICR, capable of performing all of the operations .

discussed previously, is shown in Figure 4.
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Figure 4. Block diagram of the ICR spectrometer“.

B. Experimental Parameters for Negative Ion Studies

The ion cyclotron resonance mass spectrometer used to perform all of

the ion/molecule reacton studies in this dissertation was built at Michigan

State University from conventional design. The dimensions of the three-section

ICR cell are 0.88 in. X 0.88 in. X 6.25 in. The source and analyzer regions

are 2.00 in. and 3.75 in. long respectively. In normal operation the electron

filament is emission regulated. The filament controller and plate voltage

controller for the ICR cell were designed and constructed at M.S.U. The data

presented here were obtained under normal drift-mode conditions by using

trapping voltage modulation and phase-sensitive detection. The marginal

oscillator detector was constructed at M.S.U. based on the design of Warnick,

Anders, and Sharp“. A Wavetek Model 144 sweep generator was used as the

secondary oscillator for double resonance experiments.

The ICR cell is housed in a stainless steel vacuum system and is situated

between the polecaps of a Varian 12 in. electromagnet (1.5 in. gap). The
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electromagnet is controlled by a Varian V-7800, 13 kW power supply and a

Fieldial Mark I Magnetic Field Regulator. The instrument is pumped by a

4 in. diffusion pump with a liquid nitrogen cold trap and an Ultek 20 US ion

pump. Samples are admitted from a dual inlet with Varian 951-5106 precision

leak valves. Approximate pressures are measured with a Veeco RG 1000

ionization guage. All chemicals used in this work were high-purity commercial

samples which were used as supplied except for multiple freeze-pump-thaw

cycles to remove noncondensible gases.

Although ICR is most often used to study positive ion/molecule reactions,

it is extremely simple to convert the system to study negative ions. The only-

experimental condition which must be changed to detect negative ions is the

polarity of the trapping plates (negative potential to trap negative ions). All

other experimental conditions remain the same with the exception of "re-tuning"

the plate voltages for optimum peak height and peak shape.

The early mass spectrometric studies of negative ions formed by electron

impact on metal carbonyls (M(CO)n) report that the major ion produced by

70 eV electron impact is the M(CO)n-1‘ anion (loss of one CO) with a small

amount of M(C0)n-2" also being formed30’32. Recall that the previous metal

anion/molecule reaction studies found the 17- electron M(CO)n_1 species to

be unreactive. The early mass spectrometric studies of negative metal ions

also reported the energy dependence of the negative ions formed by collision

of slow electrons (0 to 10 eV) with metal carbonyls. The energy dependence -

of negative ions formed by dissociative electron capture of slow electrons

with Fe(CO)5 is shown in Figure 5. Note that it is possible to maximize

the relative amount of each fragment anion by varying the ionizing electron

energy.
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Figure 5. Energy dependence of negative ions formed from Fe(CO)532.

Since the M(CO)n-1" anions were reported to be unreactive, this study utilized

low energy electron impact to maximize the relative concentrations of species

with fewer ligands present (M(CO)n-2", M(CO)n_3'). The ionizing energies

utilized for this study of anions from Fe(CO)5, Cr(CO)5, and Co(CO)3NO are

listed in Table 1 along with the anions which are formed. The M(CO)n-1" anion

is still the major ion formed under these conditions, but a sufficient amount

of the lower fragment anions are produced to allow the study of their

ion/molecule reactions. In Figure 5 a maximum for the formation of Fe(CO)2‘

is observed at «4.5 eV, but note that its intensity is magnified 10X compared

to that of Fe(CO)4'. Although it would be desirable to form these lower

fragments, even at the suggested energy for maximum production of Fe(CO)2‘

a sufficient amount of Fe(CO)2' is not formed which prevents the study of

their ion/molecule reactions. Typical low energy electron impact negative
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Table 1. Metal-Containing Anions Formed by Low Energy Electron Impact

Neutral Io Ene Anions Formed
 

Fe(CO)5 1 eV Fe(CO)4"

Fe(CO)3"

Cr(CO)6 4.5 eV Cr(CO)5‘

Cr(CO)4"

Cr(CO)3'

Co(C0)3N0 1.5 eV - Co(CO)2NO‘

' CO(CO)3-

CoCONO‘

C0(CO)2'
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ion mass spectra for the three metals (Fe(CO)5, Cr(CO)6, and Co(CO)3NO)

at pressures of approximately 2 X 10 ‘6 torr are shown in Figures 6 through

8.

In a typical experiment, low pressure 70 eV positive ion mass spectra

of both the metal carbonyl and organic compound were taken to determine

the purity of the samples. The ICR was then configured for negative ion studies

(i.e., the trapping voltage and ionizing electron energy were changed). Spectra

were then recorded of a 1:1 mixture (by pressure)lof the metal carbonyl to

organic compound at a total pressure of approximately 1 X 10"5 torr. Spectra

were always taken to masses greater than the sum of the molecular weight

of the metal carbonyl and the organic compound. The anion/molecule reaction

products were identified and precursors of each determined using double

resonance techniques. The branching ratios listed for the reactant ions are

accurate to within 110%. Although in some cases empirical formulas other

than those listed may also be possible for the products, those listed are believed

to be the most reasonable based on observed reaction trends and the reactions

of the other metal anions.
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CHAPTER 3

REACTIONS OF N-CHLOROALKANES

The ion/molecule reaction products and their branching ratios for the

reactions of chromium, iron, and cobalt-containing anions with the series of

l-chloro-n-alkanes (n-chloroalkanes) (n = 1 to 6) are listed in Table 2. Three

types of reactions are observed for the metal-containing anions with

n-chloroalkanes: ligand substitution by the chloroalkane molecule for two or

three carbonyl ligands (Parent substitution); abstraction of chlorine from the

chloroalkane (Cl abstraction); and abstraction of chlorine and hydrogen from

the chloroalkane (HCl abstraction).

A. Parent Substitution

The general reaction for substitution of the chloroalkane molecule for

carbonyl ligands is shown in reaction 7.

M(CO)x- + CnH2n+lCl ‘—_’ M(CO)x—a(CnH2n+1Cl)- + 800 (7)

Parent substitution reactions by the chloroalkanes are observed for the

metal-containing anions Cr(CO)3", Fe(CO)3', and Co(CO)2‘. The reaction

of Fe(CO)3‘ and Co(CO)2" are accompanied by a loss of two carbonyl ligands

23
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(a=2 in reaction 7) while Cr(CO)3" loses all three carbonyl ligands (a = 3). Two

possible product ion structures are suggested, structures '1' and '2' (where x =

0forM=Cr,Co;x=lforM=Fe).

(CO)"
I

(CO)x—M'<—C|CH 'Cl—M—CH
n Nut 11 2n+t

.l - 2
~

Structure "1 results from ligand substitution by the chloroalkane for two or

three carbonyl ligands with the chloroalkane molecule remaining intact as

a ligand on the metal anion. The negative charge must remain on the metal

species in structure ‘1' due to the large negative electron affinity of the

chloroalkane ligand (e.g. E.A.(CH3C1) = -79.6 kcal/mole). While an electron

pair on the chlorine may form a dative bond to the metal, there will certainly

be a strong ion-dipole repulsive interaction in this intermediate. The magnitude

of this repulsion may be estimated using equation 549 which describes the

interaction between a point charge 6 and dipole in in the gas phase which are

separated by a distance r at an angle 9 .

00) = 5:52- cos 6 (5)

Assuming a distance of 2 A between the ion and dipole and 6: 0°, the magnitude

of this repulsion is estimated to be 35 kcal/mole for l-chlorobutane and 29

kcal/mole for 1-butanol50. Similar calculations for a distance of 5 X yields
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ion-dipole repulsions of approximately 6 kcal/mole and 5 kcal/mole for

l-chlorobutane and l—butanol respectively. Comparison of the electron affinities

for the metal-containing species Fe(CO)3 (41.5 kcal/mole) and CI (83.3

kcal/mole) suggests the possibility that, once the metal anion-chloroalkane.

complex is formed, it is thermodynamically favorable for the charge to be

transferred from the metal anion to a chlorine atom. Structure 2 results from

metal insertion into the C-Cl bond (which occurs in positive metal ion reactions)

with transfer of the electron to the chlorine atom. Presumably the metal

anion insertion/charge transfer process is sufficiently exothermic such that

excess energy results in the loss of two or three carbonyl ligands.

If we are actually observing metal insertion into the C-Cl bond, a

metal-carbon a-bond is also formed. Reactions of aliphatic halides with

NazFe(CO)4 in solution54 also proceed through intermediates which have a

metal-carbon o-bond from the alkyl group to the metal anion Fe(CO)4‘. The

electron affinities of these alkyl ligands (15 to 26 kcal/mole) indicate that

the presence of the alkyl ligand may help delocalize the negative charge in

structure 2'. Therefore, structure 2 seems to be the most reasonable structure

for the Parent substitution product ion from the electron affinity data and

the mechanisms predicted from condensed phase reactions. Note that the

Parent substitution product ion, structure 2, does not consist of an intact parent

organic molecule (predicted from positive ion reactions), but instead is a metal

insertion structure which contains the organic molecule as two separate ligands .

on the metal.

The amount of excess energy released in the metal anion insertion/charge

transfer process (reaction 8) is dependent upon both the exothermicity of the

metal inSertion (i.e. the bonds which are broken and formed) and the

exothermicity of the charge transfer process (i.e. the difference in the electron
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affinities of the metal species and the ligand).

(60),.El

M(CO)x' + Cl—CnH2n+1 —-> ‘Cl—M-CnH2n+1 + aCO (8)

Assuming that the differences in the metal-ligand bond strengths are small

for the three metals, the differences in the exothermicity for the metal

insertion/charge. transfer process for the metal species is an indication of

the difference in the electron affinities for the metal species. Since Fe(CO)3'

reacts by loss of only two carbonyl ligands and Cr(CO)3" reacts by losing all

three carbonyl ligands (and assuming that this reflects the fact that the metal

insertion/charge transfer process is more exothermic for Cr(CO)3"), then

presumably the electron affinity of Cr(CO)3 is less than the electron affinity

of Fe(CO)3 (E.A.(Cr(CO)3) < E.A.(Fe(CO)3) = 41.5 kcal/mole)

B. Cl Abstraction

Once the metal insertion/charge transfer intermediate «'2 is formed, the

excess energy may not only result in loss of carbonyl ligands (Parent substitution)

but may also lead to loss of the alkyl ligand (reaction 9).

This reaction is observed for the anions Cr(CO)3', Fe(CO)3", Co(CO)2', and

CoCONO' with the n—chloroalkanes for n = 1 to 6. Competitive ligand loss .

of the alkyl ligand with concurrent loss of zero or one carbonyl ligands leads

to the chlorine abstraction products (M(CO)x.bCI’) observed in Table 2.

C. HCI Abstraction

The third reaction type observed for n-chloroalkanes (n >, 2) is abstraction

of I-ICl as shown in reaction 10.
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M(CO)X‘ + an2n+101 ——)>M(CO)X-CHC1‘ + CnHZn + cCO (10)

This product may also result from metal insertion into the C-Cl bond as a

first step. A common mechanism in both solution and gas-phase organometallic

reactions involves the shift of a B-hydrogen atom onto the metal centerloill.

This apparently occurs in the metal-containing anion reactions as well; In

the case of chloromethane, the intermediate resulting from metal insertion

into the C-Cl bond does not have any B-H's to shift onto the metal. As a result,

the HCl abstraction product is 32?. observed for chloromethane (Table 2). For

the larger n-chloroalkanes (n = 2 to 6) however, B-H's are available to shift

onto the metal. Once the 8-H shift occurs, the alkene ligand produced (CnHZn)

is lost, yielding the HCl abstraction products (M(CO)X.CHCI’). The two possible

structures for this product ion are shown in structures ,3 and ,4.

(C Oh

I

H—M—cr'

3 4
~ ~

(c O)»:— M'—- (H C I)

Structure ,3 represents the structure if HCl exists as a single ligand on the

metal. The electron affinities of H (17.4 kcal/mole) and CI (83.3 kcal/mole)

suggest that structure 4, where H and C1 are separate ligands on the metal, -

may be the more stable structure. The addition of the hydrogen atom as a

ligand, which has a positive electron affinity, may help delocalize the negative

charge. This effect is also seen in the comparison of the electron affinities

of Fe (3.8 kcal/mole) and FeH (21.5 kcal/mole).

The alkene ligand which is formed following metal insertion and 13-11 shift
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in the corresponding positive metal ion reactions is retained preferentially

over the HCl ligand9. In the metal anion reactions however, the alkene ligand

is never retained and is always lost in the competitive ligand loss process.

This is not unexpected if the electron affinity of the alkene is considered and

structure 4' is assumed to be the HCl abstraction product. The electron affinity

of ethylene (-35.7 kcal/mole) suggests that the alkene ligand would be lost

preferentially relative to ligands which possess a positive electron affinity,

i.e., those which help to delocalize the negative charge. The difference in

metal-ligand bonding in positive and negative metal ions has been studied by

Corderman and Beauchamp‘l1 suggesting that the competitive ligand loss process I

for positive and negative metal ions may be quite different. The metal-ligand

bond energy in positive ions is determined largely by the I-donor ability of

the ligand while back-bonding effects are less important. In the negative ions

however, the bond energy is predominantly dependent upon the t-acceptor

ability of the ligand with the r-donor ability playing a less important role.

- Thus, the difference in the metal-ligand bonding in positive and negative ions

may be a factor in the retention or loss of the alkene in the positive and negative

ion reactions.

D. Reaction Trenrh and Mechanisms

The general mechanism for the reactions of the metal-containing anions

with n-chloroalkanes (n = 1 to 6) is shown in Scheme 1. Note that all three

types of products observed (Parent substitution, C1 abstraction, and HCl

abstraction) proceed through intermediate structure 2.
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Scheme 1

111(120)‘ 4- anzM.CI

(col‘

(cn”2n+1)-“"'c'-

.2.

co 'bco r

q -an,,,,, 311111
/

(CO)
x-o

(c'oim

(CnH2n+1)_M—C1 (COI‘Tg'M—Cl "_v_c"

I

(Parent substitution) (Cl abstraction) Hzcéf-cn-IHZn-l

(n-ttos) (n-ttoG) H

-cCO

-an2n

(C'O)'.c

H—M—C1‘

4

(HCl obstruction)

(n I 2 to 6)
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Two possible mechanisms for forming structure 2 are presented in Scheme

Il. Note that structure 2) is equivalent to structure 2 for X = Cl.

Scheme ll

(co)n «3'02,

- 1-
RX 4» M(CO¥| ‘_—=-5_ R—g—X —-—> R—M—X'

~ 6

a»:
(con-Mg“.

7 ‘R

In the first mechanism, the metal anion initially inserts into the R-X bond

(analogous to positive metal ion insertion) to give structure ,é. If the charge

transfer from the metal species to X is exothermic, structure Q (the metal

anion insertion/charge transfer intermediate) is formed; If the charge transfer

is not exothermic then 45 may reform the metal anion and RX. In the second

mechanism (Scheme II), the metal anion interacts with both X and the alkyl

R as seen in structure ,2. This type of initial complexation may reduce the

ion-dipole repulsive interaction discussed previously. If the charge transfer

is exothermic, an M-X" bond is formed along with the cleavage of the R-X

bond and formation of the M-R bond yielding structure 2. Regardless of the

mechanism, it appears that all reactions observed proceed through the metal

insertion/charge transfer intermediate Q and the driving force for the reactions

appears to be the exothermicity of the charge transfer process.

Additional information may be obtained through trends observed in the

branching ratios of product ions as the alkyl chain length (n) increases (Table
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2). For all three metal-containing anions, Parent substitution and Cl abstraction

decrease and HCI abstraction increases as 11 increases. These trends support

a mechanism in which all products observed proceed through a common

intermediate (structure 2). One possible explanation for the increase in the

amount of HCl abstraction observed may be the thermodynamics of the reaction.

Thermodynamic calculations indicate that less energy is required to form an

alkene from the corresponding alkyl chloride as the length of the alkyl chain

increases. For example, if the reactions of l-chloroethane and l-chloropentane

are considered (reactions 11 and 12), thermodynamic calculations indicate

that A 1112 (csnllcn is 4.3 kcal/mole less than 11 H11 (021150053

C2H5Cl -—’HCI 4' C2H4 (ll)

C5H1101 -—>HCI + 051110 (12)

The effects that the number and types of ligands present on the metal

have on reactivity and mechanisms in positive metal ion reactions have been

described previouslyltl211332125129. Several ligand effects are also observed

in the reaction of metal-containing anions. The carbonyl ligand is lost

preferentially to the nitrosyl ligand as seen in the reaction of CoCONO‘ with

n-chloroalkanes (Table 2). This effect is also observed in the positive metal

ion reactions and is due in part to the fact that the nitrosyl ligand is a three

electron donor and the carbonyl ligand is a two electron donor. Another ligand ‘

effect observed for metal anions is that the reactivity of the metal-containing

anions decreases as the number of ligands present increase. As expected,

the stable 17 electron species, M(CO)n-1' is unreactive towards the

n-chloroalkanes.

In summary, the reactions of the metal-containing anions with chloroalkanes
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proceed through a mechanism in which the metal inserts into the C-Cl bond

with transfer of the electron to the chlorine, due to the higher electron affinity

of Cl. This complex may then undergo rearrangements ( B-H shift) and ligand

loss processes to yield all products which are observed. In the corresponding

positive metal ion reactions with n-chloroalkanes, products resulting from

metal insertion into C-C and C-H bonds are also seen in addition to C-Cl

insertion products”. All reactions for metal-containing anions appear to

result from interaction with chlorine which has a' relatively high electron

affinity, and thus no products resulting from C-C or C-H insertion are observed.

This may reflect _the importance of the charge transfer step, since, if Fe(CO)3'

inserted into a C-C bond, the charge would remain on the metal (E.A.(Fe(CO)3)

= 41.5 kcal/mole, E.A.(CnH2n+1) = ~20 kcal/mole), and no chemistry from

such intermediates is observed.



CHAPTER 4

REACTIONS OF N-ALCOHOLS

A. Reactions Resulting From Metal Insertion into the C-OH Bond

The ion/molecule reaction products and branching ratios for the reactions

of chromium, iron, and cobalt-containing anions with the series of

l-hydroxy-n-alkanes (n-alcohols) (n = 1 to 6) are listed in Table 3. Parent

substitution reactions are observed in the reaction of Cr(CO)3' with the series

of n—alcohols for n = l to 6 and are accompanied by the loss of one or two

carbonyl ligands (reaction 13)

Cr(CO)3‘ + onuzmlon —-—-)-Cr(CO)3-anH2n+IOH‘ + xCO (13)

If metal insertion into the C-OH bond is assumed in the Parent substitution

process (analogous to C-Cl insertion in the chloroalkanes), the charge would

be transferred to the OH ligand due to it's relatively high electron affinity

(42.2 kcal/mole) as shown in structure 2 (Scheme III). Clearly, the charge

will be distributed over a number of atoms, however, we will continue wherever

possible, to put the charge on the most electronegative species in a given

structure, to parallel what is done for the positive ion analogs. This intermediate
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~ Schema Ill

Cr(CO); ‘1' CnH2n+10H

l

(c0)3

(an2n+t)— Cr— 01"-

 

9.

-xCO 'CnHZnH

(60):“x

(CnH2n+t)_Cr—-OH' (CO)3——Cr——OH-

(Parent substitution) (OH abstraction)

(x I 1.2)
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may undergo a competitive ligand loss process to lose the excess energy produced

in the metal insertion/charge transfer process. Loss of carbonyl ligands yield

Parent substitution products (Cr(CO)3-anH2n+IOH‘) and loss of the alkyl

radical (CnH2n+1) yields the OH abstraction product (Cr(CO)30H‘) as seen.

in Scheme III. The formation of the 'OH abstraction product is analogous to

the Cl abstraction product observed in chloroalkanes. Note that the OH

abstraction products are observed 921! for Cr(CO)3’ (Table 3) suggesting that

the C-OH insertion intermediate Q (Scheme III) occurs exclusively for the

reaction of Cr(CO)3‘. The loss of only one or two carbonyl ligands in the Parent

substitution of n-alcohols, in contrast to three carbonyls displaced in the

chloroalkane reactions, may be due to a decrease in the energy released in

the charge transfer step, which would arise due to the lower electron affinity

of OH (42.2 kcal/mole) compared to CI (83.3 kcal/mole). Parent substitution

reactions are go_t_ observed for either cobalt or iron-containing anions presumably

due to the comparable electron affinity of OH (42.2 kcal/mole) and the metal

species (e.g. E.A.(Fe(CO)3) = 41.5 kcal/mole). Thus, the charge transfer process

is not favorable in this case resulting in the absence of Parent substitution

and OH abstraction products.

Since the cobalt anion Co(CO)2' does not react with the alcohols by Parent

substitution or OH abstraction, the difference in the electron affinity of Co(CO)2

and OH must not be large enough to cause these reactions to occur. Therefore,

we may infer (making the same assumptions as in the chloroalkane discussion)

that the electron affinity of Cr(CO)3 is less than the electron affinity of

Co(CO)2 (E.A.(Cr(CO)3) < E.A.(Co(CO)2)).

Products indicative of H20 abstraction may be expected in the Cr(CO)3‘

reactions (analogous to HCl abstraction in chloroalkanes) since 8-H atoms

are present after the metal inserts into the C-OH bond of all the n-alcohols
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(n >, 2). Thermodynamic calculations for the production of l-butene from the

corresponding l-chlorobutane and l-butanol (reactions 14 and 15) show that

less energy is required to form the alkene from n-alcohols than from the

analogous n—chloroalkanes58.

C4H9Cl -—->C4H3 + HCl aH =+13.31 kcal/mole (14)

C4H90H ——-’>C4H3 + H20 AH = +8.67 kcal/mole (15)

The H20 abstraction product, however, is no_t observed for the reaction of

Cr(CO)3'. Apparently sufficient energy is released in the electron transfer

to the Cl ligand to result in rearrangement (B-H shift) and loss of the alkene

ligand in the chloroalkane reactions, but not enough energy is released in the

electron transfer to the OH ligand (due to it's lower electron affinity) to result

in rearrangement and loss of the alkene in the n-alcohol reactions. Therefore,

a barrier to the B-H shift process appears to exist.

B. Reactions Resultirg From Metal Insertion into the O—H Bond

The only reaction observed for the cobalt and iron-containing anions with

n-alcohols is the elimination of H2 (n = l to 6) with Co(CO)2', CoCONO", and

Fe(CO)3" as shown in reaction 16. This hydrogen elimination product is also

observed for the chromium anion Cr(CO)3'.

The hydrogen elimination product is n_ot expected to proceed through metal

insertion into the C-OH bond since products indicative of C-OH insertion (Parent

substitution and OH abstraction) are not observed for the cobalt or

iron-containing anions. A possible mechanism for the elimination of H2 following
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metal insertion into the C-OH bond is shown below.

(CIO)x

ananOH +1.1(CO)x —> an2M1—M—OH"

\Lfl-H

shift

(00)“, (CO;

(Cn Hzn)---- M — 0‘ (— (cn Hzn)---- 1'1— ('3‘

1-1 H

+ H2+0CO

This mechanism however, does not explain the observance of this product for

methanol (n=1) since no B-H atoms are present following insertion into the

C-OH bond. Therefore, a more comprehensive mechanism must be proposed.

Scheme IV illustrates the formation of an intermediate in which the metal

inserts into the O-H bond. This intermediate is predicted to be stable due

to the relatively high electron affinities of the alkoxy group («.40 kcal/mole)

and the atomic hydrogen (17.4 kcal/mole) ligands on the metal following O-H

insertion. The charge may then be transferred to the alkoxy ligand due to

its relatively high electron affinity. Note that a 8-H is available to shift onto

the metal in this intermediate even for methanol (11 = 1). Following metal -

insertion into the O-H bond and charge transfer, the 8-H shift and loss of H2

may lead to two different structures (3 and 19) in Scheme IV. In structure

2, the alkoxy ligand is converted into an aldehyde (‘l-dOIlOI') ligand following

the 8-H shift with the negative charge being transferred back to the metal.

In positive metal ion reactions, these I-donor ligands are found to form strong
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Scheme IV

 

M(C0)x + CnHanOH

(cl0)x

H—M—0_

1

H—f—H

cn-tHZn-t

5-H _

shift 1

(Clo_)_’_‘, ..

((2.0),, H—is‘.;l

11- 11-19 '
H/M (5-H Cn-tHZn—t

cn-lHZn-l 3..”

shift

\L—oCO

(cl0)xlo"

H—M—C—H
I |

(00) M 9 H Cad-(2n.— ---1
x-a

C H -aC0

cn-tHZn-l -Hz

2.

2°:
(CO);-°M—?—H

cn_‘ H2n_1

10



42

bonds with the metal. Recall that in the metal anion reactions with

chloroalkanes however, the I-donor alkene ligand produced following the 8-H

shift to yield HCl was lost preferentially to the other ligands on the metal.

In contrast to the positive ion studies, these t-donor ligands do _r_10_t appear

to form strong bonds to the metal in these negative ion studies. The alkyl

ligand (metal-carbon bond) appears to be a relatively strongly bound ligand

in the metal anion reactions, since the alkyl ligand is in some cases retained

during the competitive ligand loss process (e.g. Parent substitution) for

chloroalkanes and alcohols. Therefore, structure 1‘0 (Scheme IV) is the more

probable structure for the product ion resulting from H2 elimination from

alcohols. Following the 8-H shift, the metal may form a bond to the carbon

which is 8 to the metal resulting in the metal-alkoxy structure 10. In this

structure, the negative charge remains on an alkoxy ligand which has a high

electron affinity.

The anion Cr(CO)3' reacts further with the alcohols to eliminate a second

molecule of hydrogen. This product is only observed for Cr(CO)3‘ presumably

due to its lower electron affinity than those of other metal species. Elimination

of two hydrogen molecules does not occur for methanol and ethanol, but does

occur for n >,3. A general mechanism for the elimination of the second molecule

of hydrogen is shown in Scheme V. The mechanism begins with structure 1,9

(following elimination of one H2) which may proceed through a 8-H shift to

produce structure 11 which contains two metal-carbon bonds. Another 8-H ‘

is now available to shift from the C3 carbon to yield structure 12. Note that,

in the proposed mechanism, the charge remains on the alkoxy oxygen (the

most electronegative site) and that the mechanism accounts for the formation

of this product ion for n >, 3 only.

In summary, the metal anion attacks exclusively at the functional group
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(no evidence for C-C or C-H insertion) due to the relatively high electron

affinity of OH. In comparison to the chloroalkane reactions, however, the

metal appears to insert into not one but M bonds (C—OH and O—H) in the

reactions of n-alcohols. Further evidence is seen in the n-alcohol reactions

for the formation of a metal anion insertion/charge transfer intermediate

followed by possible rearrangements ( 8-H shifts) and competitive ligand loss.

The enhanced reactivity of the C,r(CO)3‘ anion with n-alcohols confirms the

inference from' the n-chloroalkane reactions that 'Cr(CO)3 has the lowest

electron affinity of the metal species studied. The ligand effects observed

in the reactions of chloroalkanes also were observed for alcohols: the nitrosyl

ligand is retained in the reaction of CoCONO' and the stable 17 electron metal

anion species are unreactive.

"
‘
1

I
f
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CHAPTER 5

REACTIONS OF BIFUNCTIONAL ORGANIC MOLECULES

The reaction of positive metal ions with bifunctional organic molecules

(e.g. 1-chloro-2-ethanol) have been studied previouslylztzst26 and compared

to the reactions of the corresponding monofunctional compounds in an attempt

to determine the utility of metal ions as chemical ionization (CI) reagent ions.

The reactions observed for the bifunctional molecules include: products

indicative of both functional groups; products only typical of one functional

group (indicating the metal shows a preference for one functional group over

another); and products unique to the particular combination of functional groups.

The reaction of metal-containing anions with two series of bifunctional

compounds (1,n-bromochloroalkanes and 1,n-chloroalcohols) were studied to

determine the similarities and differences from the corresponding

monofunctional compounds (n-chloroalkanes and n-alcohols).

A. Reactions of 1,n-Bromochloroalkanes

The ion/molecule reaction products and branching ratios for the reactions

of 1-bromo-n-chloro-alkanes (1,n-bromochloroalkanes) (n = 2 to 6) and

1,1-bromochloroethane with iron and chromium-containing anions, and with

cobalt-containing anions are listed in Tables 4 and 5, respectively. Parent
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substitution (to form products of the type M(CO)a-bClCnH2nBr‘), bromine

or chlorine abstraction (to form M(CO)a.cCl‘ and M(CO)a-cBr‘), and HCl or

HBr abstraction products (to form M(CO)a-dHCl' and M(CO)a-dHBr‘) are

observed in the reactions of 1,n-bromochloroalkanes. These products may-

also be predicted from the (monofunctional) chloroalkane reactions. A product

corresponding to abstraction of bromine and chlorine (to form MClBr‘ with

loss of all carbonyl ligands present) is observed and is unique to the reaction

of the 1,n-bromochloroalkanes (i.e., is not expected from the chloroalkane

reactions).

The same mechanism utilized in the chloroalkane reactions may also be

used to explain most of the 1,n-bromochloroalkane reactions as shown in Scheme

VI. The metal anion inserts into the C-X bond (X = C1 or Br) with transfer

of the electron to the halogen .(metal insertion/charge transfer). This

intermediate may undergo either loss of carbonyl ligands to yield Parent

substitution products or loss of carbonyl and alkyl (CnHZnY) ligands to yield

halogen abstraction products. A 8-H. shift rearrangement may occur resulting

in the formation of H0] or HBr abstraction products.

The presence of two halogen atoms on the neutral molecule is seen to

effect the distribution of the observed products when compared to the

chloroalkane products. Parent substitution products are E observed in the

reactions of Cr(CO)3‘. Recall that all three carbonyl ligands were lost in

the Parent substitution reactions of Cr(CO)3' with the chloroalkanes.

Apparently the metal insertion/charge transfer process for the

bromochloroalkanes is more exothermic than for the chloroalkanes resulting

in only X and HX abstraction and no Parent substitution.

The reactions of 1,n-bromochloroalkanes allow the study of the preference

for the site of attack (Br or C1) by the metal-containing anions. Table 6 lists
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the average branching ratios for products in which either the bromine or chlorine

is exclusively attacked (e.g. Parent substitution is not included) by various

metal-containing anions with the 1,n-bromochloroalkanes. These values are

calculated by summing the branching ratios for all the 1,n-bromochloroalkanes

(n = 2 to 6) in which bromine or chlorine is exclusively attacked and calculating

the average value. Also listed in Table 6 is a comparison of the average amount

of HC1 and HBr abstraction observed for the 1,n—bromochloroalkanes. The

preferential attack at the chlorine on the molecule by the metal anion may

be expected since the electron affinity of chlorine is 6 kcal/mole greater than

that for bromine. The opposite trend, preference for attack at the bromine,

is actually observed as seen in Table 6. This trend may reflect the

thermodynamics of the metal insertion into the C-X bond. The C-Br bond

energy is 14 kcal/mole less than the C-Cl bond energy“. Metal-containing

species having relatively high electron affinities such as Fe(CO)3, Co(CO)2,

and Co(CO)3 (predicted from previous reaction trends) exhibit a preference

for attack at the weaker C-Br bond as seen in Table 6. In contrast, Cr(CO)3’

which has been shown to have a low electron affinity exhibits virtually no

preference for reaction at the Cl or Br end of the molecule due to the large

amount of energy available from electron transfer to _e_i_t_l_1_e£ Br or Cl. Therefore,

it appears that both the strength of the C-X bond which must be broken, and

the difference in electron affinity between the metal species and the halogen

(i.e., the energy available from the charge transfer process) determine the ’

preference of attack by the metal anion. The difference in the amount of

HCI and HBr abstraction observed also reflects the corresponding electron

affinity of the reactant metal anions. Virtually no preference is seen for metal

species with a relatively low electron affinity (Cr(CO)3), but HBr abstraction

occurs exclusively for metal species with high electron affinities (Fe(CO)3
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and Co(CO)3). The following order of electron affinities of the metal species

is suggested by the results in Table 6: E.A.(Cr(CO)3) < E.A.(Co(CO)2) <

E.A.(CoCONO) <E.A.(Co(CO)3) < E.A.(Fe(CO)3) = 41.5 kcal/mole. These

relationships are consistent with those inferred in the chloroalkane and alcohol

reactions.

Unfortunately the electron affinities of only the iron-containing species

have been experimentally determined”. These values were obtained using

photoelectron spectrometry. An attempt was made to experimentally estimate

the electron affinities of these metal-containing species using ICR in order

to confirm the ordering proposed above. Bracketing techniques42 have been

used. to determine upper and lower limits for the proton affinities (P.A.) of

species in the gas phase. For example, if the following ion/molecule reactions

A + BH+-———>AH+ + B

CH+ + B -——-1-BH+ + C

are observed, then the following must be true: P.A.(C) < P.A.(B) < P.A.(A).

If the proton affinities of A and C are known, upper and lower limits on the

unknown P.A.(B) may be deduced. Double resonance experiments may also

be performed to verify these reactions. A similar process was applied to the

negative ions in which electron transfer reactions were observed. If the ~

following reaction

A+B-——*A'+B

is observed, then the following assumption may be made: E.A.(B) < E.A.(A).
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Species A may then be varied to determine upper and lower limits of the E.A.(B)

(metal species in this case). In order to test this technique, the metal-containing

anions from Fe(CO)5 (since these electron affinities are known) were reacted

with Brz. Reaction 1? would be expected to occur since E.A.(Fe(CO)3) = 41.5-

kcal/mole < E.A.(Fe(CO)4) = 55.3 kcal/mole < E.A.(Brz) = 57.7 kcal/mole.

Fe(CO)3‘ (or Fe(CO)4") + Brg ——> Brz' + Fe(CO)3 (or Fe(CO)4) (17)

When this experiment was performed however, no Brg‘ was observed. It was

thought that the Br2' formed may have dissociated to Br" (already present

from electron impact on Brg) and Br:. Double resonance on Br' however showed

no response from Fe(CO)3' or Fe(CO)4‘. Many ion/molecule reaction products

besides electron transfer were observed between the iron-containing anions

and Brz. Many other,anions were present in the mass spectrum due to electron

impact on products from the neutral-neutral reaction of Fe(CO)5 and Brz (no

double resonance responses observed). Apparently these processes interfere

and prohibit the observance of reaction 17. Even if this technique had been

successful, the applicability would have been limited since very few neutral

molecules exist which have known high electron affinities.

The product resulting from abstraction of _b_ofl1_ bromine and chlorine

(MClBr‘) from the 1,n-bromochloroalkanes is observed for Co(CO)2',

Cr(CO)3‘,and Fe(CO)3’ (for n = 2 to 6) and is accompanied by the loss of all ‘

carbonyl ligands on the metal. In the reaction of 1,2-bromochloroethane, the

metal may complex with the chlorine and bromine simultaneously (Scheme

VII) resulting in abstraction of both Br and Cl and loss of a neutral ethylene

molecule. A similar product is observed in the reaction of Co+ with

1,2-bromochloroethane25 but is not observed for the larger
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1,n-bromochloroalkanes (n >, 3). The two possible mechanisms for the reaction

of the larger 1,n-bromochloroalkanes (n = 3 to 6) with metal-containing anions

are shown in Scheme VIII. The first mechanism is similar to Scheme VII for

1,2-bromochloroethane except that the neutral lost is the corresponding

cycloalkane (as opposed to the loss of a biradical species). The second

mechanism involves insertion of the metal $13 one of the carbonyl ligands

into a C-X (X = Cl or Br) bond. The other halogen (Y) is then transferred to

the metal through a cyclic intermediate. The carbonyl ligand is now

incorporated in the neutral product which is in the form of a cyclic ketone.

In gas-phase positive metal ion reactions, evidence for active participation

of carbonyl ligands in insertion processes has occasionally been observed12122129.

To this point, it has not been necessary to invoke active participation

of ligands on the metal anion to explain the products observed. Reaction

18 shows the formation of Br, Cl, and the cycloalkane from the

1,n-bromochloroalkane. Reaction 19 shows the incorporation of CO with the

1,n-bromochloroalkane to form Br, Cl, and a cyclic ketone.

Cl(CnH2n)Br ——)— C1 + Br + cyclo-CnHZn (18)

Cl(CnH2n)Br + CO ——> Cl + Br + cyclo-Cn+1H2nO (19)

The difference in AH for these two reactions is given by:

A Hdiff = Ang - AH19 = AH(cyclo-CnH2n) - AH(cyclo-Cn+1H2nO) + A H(CO)

Thermodynamic calculations58 indicate that the loss of the cyclic ketone is

favored over the loss of the cycloalkane in the reactions of

'.
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1,n-bromochloroalkanes by 26.2 kcal/mole for n = 4, 9.23 kcal/mole for n =

5, and 3.27 kcal/mole for n = 6. As the alkyl chain length increases, the

thermodynamic advantage of forming the cyclic ketone over the cycloalkane

decreases due to the decreased difference in ring strain for the two structures.

The same ligand effects are observed in the 1,n-bromochloroalkane reactions

as seen in the chloroalkanes and alcohols: retention of NO in reactions of

CoCONO‘, and unreactivity of the 17 electron metal anions. Also, the same

trends in the branching ratios are observed as in the chloroalkane reactions;

i.e., an increase in HX abstraction and decrease in X abstraction as the alkyl

chain length (n) increases.

B. Reactiom of 1,n-Chloroalcohols

The products and branching ratios for the reactions of l-chloro-n-alcohols

(1,n-chloroalcohols) (n = 2 to 6) with iron and cobalt-containing anions and

chromium-containing anions are listed in Tables 7 and 8, respectively. These

studies allow the determination of the preference for attack at C1 vs. OH

by the metal-containing anions. Parent substitution (MClCnHZnOH') is observed

for the three metal anions Cr(CO)3‘, Fe(CO)3‘, and Co(CO)2" with the loss

of all carbonyl ligands. Since Parent substitution was not observed in the

reactions of Co(CO)2‘ and Fe(CO)3‘ with alcohols, but was seen for all three

metal anions with chloroalkanes, the mechanism for Parent substitution in

reactions of 1,n-chloroalcohols presumably involves metal insertion/charge

transfer into the C-Cl bond (and 393 the C-OH bond) with competitive ligand ‘

loss of the carbonyl ligands similar to Scheme I for the chloroalkanes. If the

metal inserts into the C-Cl bond in the 1,n-chloroalcohols, other products

typical of chloroalkane reactions would be expected. The abstraction of Cl

and HCI from the chloroalcohols by all three metal anions are observed as

seen in Tables 7 and 8. These products also result from metal insertion/charge
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transfer into the C-Cl bond followed by a 8-H shift and competitive ligand

loss similar to Scheme I.

The chromium anion Cr(CO)3‘ reacts with the 1,n-chloroalcohols to yield

products expected from the n-alcohol reactions. These include OH abstraction

and elimination of one or two hydrogen molecules. The mechanisms for these

reactions are similar to those for the reactions of n-alcohols in Schemes III,

IV, and V. Since both OH abstraction and Parent substitution products proceed

through the same intermediate (C-OH insertion) in the n-alcohol reactions

(Scheme III), the Parent substitution ion for 1,n-chloroalcohols (with Cr(CO)3‘)

probably consists of both insertion into the C-Cl and C-OH bonds. Products.

predicted from the reactions of n-alcohols (loss of H2) are not observed for

iron and cobalt-containing anions with 1,n-chloroalcohols.

Products which are unique in the reactions of 1,n-chloroalcohols include

the abstraction of both Cl and OH (MClOH‘) and the elimination of HCI

(M(CO)x.aC2H4O‘). The abstraction of both Cl and OH is observed for the

‘ anions Co(CO)2‘ and Cr(CO)3' with 1,2-chloroethanol and is accompanied

by the loss of all carbonyl ligands on the metal. This product is not observed

for the larger 1,n—chloroalcohols (n >, 3). The mechanism for abstraction of

Cl and OH is shown in Scheme IX. The metal does not insert into the C-Cl

or C-OH bonds but complexes with both Cl and OH simultaneously. Abstraction

of Cl and OH with electron transfer to the ligands with higher electron affinity

is accompanied by the loss of a neutral ethylene molecule similar to Br and

Cl abstraction in the 1,n-bromochloroalkanes. The elimination of HCI from

1,2-chloroethanol is observed for the anions Fe(CO)3" and Cr(CO)3". This

product is also not observed for the larger 1,n-chloroalcohols (n >, 3). Following

metal insertion into the C-Cl bond and electron transfer to the chlorine (Scheme

X), a six-member ring intermediate may form (only for n = 2). Cleavage of
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Scheme IX
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Scheme X

l1.l(CO)x + c: (0214‘) OH

(CO)—M—-C—-H + HCI
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the C-Cl bond and electron pair transfer results in loss of HC1 and structure

1‘3 in which the charge has migrated to the alkoxy ligand.

The reactions of 1,n—chloroalcohols indicate that the preference for attack

(Cl or OH) by the metal anions is at the chlorine end of the molecule. The

preference for chlorine is due to the higher electron affinity of CI (83.3

kcal/mole) compared to OH (42.2 kcal/mole). The thermodynamics of the

metal insertion may also play a role since the C-Cl bond strength is 10 kcal/mole

less than the C-OH bond strength“. The same ligand effects are observed

in the reactions of 1,n-chloroalcohols that were seen in the previous reactions.

The reactions of the bifunctional molecules have shown that the reactions

observed and the general mechanism proposed for the corresponding

monofunctional compounds may be used in explaining products indicative of

one functional group. The preference for attack at a particular functional

group may be explained in terms of the difference in electron affinities of

the metal-containing anion and the functional group and also the C-functional

group bond energy. The trends observed for the preference of attack were

used to propose an ordering of the electron affinities of the metal-containing

species. Several unique reactions (not predicted from the monofunctional

reactions) involving both functional groups were also observed.



CHAPTER 6

REACTIONS OF NITROALKANES

The ion/molecule reactions of metal-containing anions formed by low

energy electron impact on Fe(CO)5, Co(CO)3NO, and Cr(CO)6 with a series

of nitroalkanes and n-butyl nitrite were studied as a continuation of the previous

work with alkyl halides and alcohols. The general mechanism proposed previously

invoked the initial formation of a metal anion insertion/charge transfer -

intermediate with insertion occurring at the C-functional group bond only.

The exothermicity of the charge transfer process appears to determine the

products which are observed. Also, the electron affinity data available enables

one to predict the types of ligands which may be formed or lost (e.g., Cl has

a high electron affinity and always remains on the metal in the alkyl halide

reactions). This general mechanism may now be applied to the reactions of

metal-containing anions with nitroalkanes.

The corresponding positive ion reactions of Co+ and Co(ligand)n+ with

nitroalkanes and alkyl nitrites was studied previously22 and is included in

Appendix B. The nitroalkanes were extremely reactive compared to the

reactivity of other monofunctional organic molecules. The products observed

for Co+ with nitroalkanes resulted from metal insertion into C-H, C-C, C-N,
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and N-O bonds. Many nitroalkane products were best explained via a

"nitrite-like" intermediate - possibly indicating a metal-induced nitro-to-nitrite

(RN02 to RONO) isomerization. Although metal anion insertion into the C-H

and C-C bonds is not expected (from the results of the previous study of metal

anion reactions), metal anion insertion into the C—N and N-O bonds in the

nitroalkanes is possible. The relatively high electron affinities of N02 (53

kcal/mole) and O (33.7 kcal/mole) suggest that the nitroalkanes may be reactive

with the metal-containing anions by insertion into the R-NOz and N-O bonds.

A. Reaction of n-Nitroalkanes

The ion/molecule reaction products and their branching ratios for the

reactions of iron, cobalt, and chromium-containing anions with the series of

1-nitro-n-alkanes (n-nitroalkanes) (n = 1 to 4) are listed in Tables 9 to 11,

respectively. The number of products observed for Fe(CO)3‘, Co(CO)2’, and

Cr(CO)3" (8, 9, and 17 products, respectively) correlates with the electron

affinities predicted for these metal-containing species from the alkyl halide

and alcohol reactions (E.A.(Cr(CO)3) < E.A.(CO(CO)2) < E.A.(Fe(CO)3)). A

greater amount of energy is released in the charge transfer process for the

metal species with lower electron affinities and thus a larger variety of products

is observed.

Substitution of the neutral nitroalkane for 1 to 3 CO ligands (Parent

substitution) is observed for the reactive (i.e. non-l7 electron) metal-containing

anions for all three metals studied (reaction 20).

M(CO)X- + CnH2n+1NOZ —+M(CO)x.aCnH2n+lN02- + 8C0 (20)

The nitroalkanes displace 1 or 2 CO ligands in the reaction of Fe(CO)3’ and

Co(CO)2", but all three CO ligands are lost in the Parent substitution products
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with Cr(CO)3‘. This trend correlates well with the electron affinities (and

thus exothermicity of the charge transfer processs) of the three metal species

mentioned previously. This suggests that a metal insertion/charge transfer

mechanism may account for the Parent substitution products. In the

chloroalkane and alcohol reactions, the Parent substitution product structure

presumably does 2g consist of an intact organic molecule as a ligand, but

was predicted to result from metal insertion/charge transfer into the

C-functional group bond. This was proposed due to the‘negative electron affinity

of the neutral molecule and due to the fact that all the products observed

could be formed through this common intermediate. The electron affinity

of the neutral nitroalkanes, however, is positive (e.g. E.A.(CH3NOZ) = 9.2

kcal/mole) Suggesting that the Parent substitution product structure may be

either an intact nitroalkane on the metal or a metal insertion type structure.

Two metal insertion structures may be predicted for the reactions of

nitroalkanes with metal-containing anions. Intermediate I results from metal

insertion into the N-O bond. This structure is predicted to be stable due to

the relatively high electron affinity of O (33.7 kcal/mole). The electron affinity

of CnH2n+1NO, however, is not known. The electron affinities of N02 (53

kcal/mole) and CnH2n+1 (v1.20 kcal/mole) suggest that intermediate II (C-N

insertion) would also be stable.

‘1 ii
cnHzn+1 ”N‘Y-‘O CnHzml' [Yr-N-O

(cc), (c0)x
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In the nitroalkane discussion, structures will be depicted with the negative

charge on the metal center. However, recall that charge transfer/charge

delocalization over the various ligands present still occurs as in the alkyl halide

and alcohol reactions. Metal insertion into C-C and C-H bonds are {E predicted

for the nitroalkane reactions since they were not observed in the alkyl halide

and alcohol reactions. .

The proposed intermediate structures which lead to the various product

ions are also listed in Tables 9 to 11. The mechanisms for the formation of

product ions from intermediates I and II are shown in Schemes XI and X11,

respectively. A large number of products, however, do not result from

intermediates I and II. These products result from intermediates III and IV

as shown in Schemes XIII and XIV, respectively.

('3 o

- 1

CnHznu-t'd -NO+ anzm-N-Ii'r-o +

(C0)x-a (C0)“,

1::

III

In intermediate III, the nitroalkane exists as three ligands (CnH2n+11 NO, and

O) on the metal. Intermediate III may result from rearrangement of

intermediate I (N-O insertion) through an alkyl migration as shown in Scheme ‘

XIII. An analogous process has been observed in the reactions of Fe+ and

ketones20 (reaction 21).
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o o

+ c g CH20H ——> CH Fe+ ('3Fe + H _ - 3 3- _

3 """"cmch:’

I/ (21)

CHJ-Fe+-CO + '
I -—> FeCO + cmcuch-I3
CHZCH,

Intermediate III may also be formed from intermediate II as a result of the

oxygen shifting onto the metal center (Scheme XIII). Several products observed

in the reactions of nitroalkanes result from an intermediate in which both

oxygens are present on the metal as shown in intermediate IV. Intermediate

IV may be formed from intermediate I as shown in Scheme XIV. A similar

intermediate was observed in the reactions of Co+ with nitroalkanes“.

The reaction products observed from the four intermediates will now

be discussed in detail. Once intermediate I is formed (Scheme XI), it may

undergo a ligand loss process to form M(CO)x.aO‘. This product is observed

for metal-containing anions from all three metals studied. The retention of

the 0 ligand is. expected since it has a relatively high electron affinity (33.7

kcal/mole)(E.A.(CnH2n+1NO) is unknown). This product may also be formed

through intermediate III (Scheme XIII) with the loss of the N0 and alkyl

(CnH2n+1) ligands. Note that the electron affinities of the two ligands which

are lost (0.5 kcal/mole and ~20 kcal/mole respectively) are less than the electron

affinity of O (33.7 kcal/mole) which is retained. In some cases however, the

formation of M(CO)x.aO‘M proceed through intermediate III due to the

larger number of ligands which would be present on the metal in intermediate

III compared to intermediate I, i.e., in intermediate III the nitroalkane is broken
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into three ligands on the metal but in intermediate I it exists as only two ligands.

For example, Cr(CO)20" may proceed through intermediate III since only five

ligands would be present at any one time. The product Cr(CO)3O‘ cannot

result from intermediate III since it requires six ligands to be present on the

metal which violates the 18 electron rule.

The corresponding product ion M(CO)x.aCnH2n+1NO’ (i.e., _lgs_s_ of O)

is observed for Fe(CO)3‘, Co(CO)2', Cr(CO)3‘, and Cr(CO)4' (n = 1 to 4). This

product is not predicted to result from intermediate I since it would require

loss of the oxygen ligand which has a relatively high electron affinity. The

active participation of carbonyl ligands in the metal insertion process has“

been suggested in both positive and negative metal ion reactions. If the metal

anion and one of the carbonyl ligands inserts into the N-O bond, intermediate

1' (Scheme XI) may be formed. In this structure, the oxygen is never a ligand

on the metal but instead exists as a 002 ligand on the metal. The 002 ligand

is then lost due to its negative electron affinity (-13.8 kcal/mole). This product

. ion may also result from an intermediate similar to intermediate III. If the

oxygen in intermediate 11 shifts onto a CO ligand instead of the metal then

a C02 ligand is formed. The COZ ligand is then lost to yield intermediate

III' as seen in Scheme XIII.

A a-H may shift onto the metal in intermediate I to yield structure 1‘4

(Scheme XI). The O and H ligands on the metal may exist as a single OH ligand

(E.A.(O) = 33.7 kcal/mole, E.A.(H) = 17.4 kcal/mole, and E.A.(OH) = 42.2 »

kcal/mole) as shown in structure 1‘4. The electron affinities suggest that O

and H may exist as either one or two ligands on the metal. Structure 1"4 may

proceed through a ligand loss process to yield M(CO)x.aOH‘ (retention of OH,

for Cr(CO)3") or M(CO)x.aCnH2nNO' (loss of OH, for Fe(CO)3"). Since these

products (formation of an OH ligand) are observed for nitromethane (n = 1),
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they gan_no_t_ proceed through intermediate III since no s-H’s are present when

n = 1.

A second hydrogen may shift onto the metal in structure 14 to produce

an H20 ligand (E.A.(HZO) = 0.0 kcal/mole) which is lost to yield the product

ion M(CO)x_aCnH2n-1NO'. This product is observed for metal-containing

anions from all three metal carbonyl compounds as seen in Tables 9 to 11.

The formation and subsequent loss of H20 may suggest that O and H are present

as a single OH ligand on the metal. Since this ion is observed for nitromethane

(n = 1), then it must proceed through intermediate I and not from intermediate

III (similar to the above argument). In one case, Fe(CO)CnH2n_1NO“, this.

product ion is flit. observed for n = l but only for n = 2 to 4. Therefore, this

ion may result from either intermediate I or III (Scheme XIII), but note that

the ion Fe(CO)2CnH2n+1‘ (loss of N02) is isobaric with this product ion.

The product ions M(CO)x.aN02" and M(CO)x.aHNOZ' are formed through

intermediate 11 (C-N insertion) as seen in Scheme XII. Once intermediate

. II is formed, the alkyl ligand may be lost to form M(CO)x.aN02' since the

electron affinity of CnH2n+1 (~20 kcal/mole) is less than the electron affinity

of N02 (53 kcal/mole). This ion may also be formed through intermediate

111 but N02 then exists as two ligands (O and NO) on the metal. The electron

affinities (E.A.(O) = 33.7 kcal/mole and E.A.(NO) = 0.5 kcal/mole) suggest

that the product ion resulting from intermediate 11 delocalizes the negative

charge more than in intermediate III, thus M(CO)x-aN02‘ presumably is formed .

through intermediate 11. Note that FeNOz" is observed for n = 2 to 4 but not

for n = 1 (Table 9). There is no apparent reason for this product ion not to

occur for n = 1. Also note that all three carbonyls are lost in the formation

of FeNOZ" but only one or two carbonyls are lost in the formation of

Cr(CO)x..aN02' (Table 11). The loss of all three carbonyl ligands is unexpected
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in the formation of FeNOz" since the reactions of Cr(CO)3‘ are always more

exothermic than Fe(CO)3' (the charge transfer/delocalization process is more

exothermic since E.A.(Cr(CO)3) < E.A.(Fe(CO)3)). Therefore, the ion FeNOz‘

is probably not the correct product assignment with the isobaric ion FeCO(H20)‘

being the more probable product ion structure.

The product ion M(CO)x_aHN02' is observed for Co(CO)2' and Cr(CO)3‘

with the n—nitroalkanes (n >, 2). This suggests a mechanism in which a 8-H

shifts onto the metal in intermediate II to yield structure k5 (Scheme XII).

The alkene formed is then lost due to it's negative electron affinity (e.g.

E.A.(CZH4) = -35.7 kcal/mole). The two remaining ligands (H and N02) both

have positive electron affinities (17.4 and 53 kcal/mole respectively) to help

delocalize the negative charge.

The product ions M(CO)CnH2n+10' and M(CO)x.aO" may be formed through

intermediate III by loss of NO or NO and CnH2n+1 ligands respectively as seen

in Scheme XIII. The ligands which are lost (NO (0.5 kcal/mole) and CnH2n+1

(~20 kcal/mole)) both have lower electron affinities than the O ligand which

remains on the metal (33.7 kcal/mole). Two H-shifts may occur in intermediate

III to yield either structure 153 or I"? in Scheme XIII. Structure 1‘5 loses the

CnHZn-l ligand to yield the product ion M(CO)x.aH20" which is observed for

Fe(CO)3' and Co(CO)2' with the nitroalkanes (n >, 2). The electron affinity

data suggests that H20 (0.0 kcal/mole) exists as OH (42.2 kcal/mole) and H

(17.4 kcal/mole) ligands in order to delocalize the charge as in structure 16. -

Structure 1‘7 results from the formation of an H20 ligand which is then lost

to yield M(CO)x.aCnH2n-1NO‘ which was discussed previously. The CnH2n-1

ligand has a positive electron affinity (e.g. E.A.(CgHs) = 12.5 kcal/mole) to

help delocalize the charge.

Several products result from intermediate III' (i.e. following the loss of
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O as C02) as seen in Scheme XIII. The loss of the NO ligand from intermediate

III' yields M(CO)x_aCnH2n+1‘ which is observed for metal-containing anions

from all three metals studied. This corresponds to a net loss of N02 from

the nitroalkane. Although it is more straightforward to lose N02 from,

intermediate 11 (C-N insertion), this process is £01; predicted since E.A.(NOZ)

> E.A.(CnH2n+1), i.e. the ligand with the higher electron affinity would have

to be lost. If this product is formed through 111', however, the N02 is lost as

002 (-13.8 kcal/mole)‘ and NO (0.5 kcal/mole) which have low or negative

electron affinities. The loss of CnH2n+1 from intermediate III' yields the product

ion M(CO)NO" which is observed for Cr(CO)3' and Fe(CO)3'. When n >, 2 for

the n-nitroalkanes, a 8-H may shift onto the metal in intermediate III' to yield

M(CO)x.2HNO‘ with loss of the corresponding alkene (E.A.(C2H4) = -35.7

kcal/mole) which is formed as seen 'in Scheme XIII. Note that HNO may exist

as one ligand on the metal (E.A.(HNO) = 7.8 kcal/mole) or as H (E.A.(H) = 17.4

kcal/mole) and NO (E.A.(NO) = 0.5 kcal/mole).

All of the reaction products observed with Fe(CO)3‘ and Co(CO)2' may

be explained through intermediates 1, II, or III. Approximately 4596 of the

products from Cr(CO)3' result from intermediate IV (Scheme XIV) in which

two oxygen ligands are present on the metal. The electron affinities of the

ligands present in intermediate IV (E.A.(O) = 33.7 kcal/mole and E.A.(CZH5N)

= 43 kcal/mole) indicate that this structure should be stable. Loss of the

CnH2n+1N ligand yields the product M(CO)x_aOZ'. This is not expected if .

the electron affinities of the two ligands are considered (i.e. E.A.(CnH2n+1N)

> E.A.(O)). If the electron affinity of the Cr02 species (55.3 kcal/mole) is

considered then the CnH2n+1N ligand _is expected to be lost since it has a lower

electron affinity. The product ions MOgH' and MOZHZ‘ result from one and

two 8-H shifts from intermediate IV respectively as seen in Scheme XIV. It
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is interesting that products resulting from intermediate IV occur almost

exclusively for Cr(CO)3". Since Cr(CO)3" is predicted to have the lowest

electron affinity of the metal-containing anions studied, the largest amount

of energy released in the charge transfer (delocalization) process occurs for

Cr(CO)3". Therefore, a large amount of energy appears to be required to form

intermediate IV from intermediate I since it only occurs for Cr(CO)3".

B. Reactions of 2—Methyl—2-Nitropropane

The reactions of the metal-containing anions from Fe(CO)5, Co(CO)3NO,

and Cr(CO)6 with 2-methyl-2—nitropropane are also included in Tables 9 to

11 respectively. The 2-methyl—2-nitropropane appears to be less reactive

than the corresponding 1-nitrobutane with only two reactions observed with

Fe(CO)3" and Co(CO)2' and eight reactions with Cr(CO)3’.

The only product ion observed for Fe(CO)3' besides the Parent substitution

product is FeCnH2n+1NO‘ (loss of 0) resulting from either intermediate I'

or 111'. If this product is formed through intermediate III', the formation of

Fe(CO)HNO‘ would be expected since B-H's are present and it is the largest

product observed for l-nitrobutane. This product is not formed suggesting

that FeCnH2n+1NO‘ is formed through intermediate 1'. The other products

expected from intermediates I and l' are only minor products for l-nitrobutane

and are not observed for 2-methyl—2-nitropropane.

The two products formed from the reaction of Co(CO)2' with

2-methyl—2-nitropropane are Co(CO)20' from intermediate I and Co(CO)HN02'

from intermediate 11. This is reasonable since these are the only two products

observed from these two intermediates for the n-nitroalkanes. Also, there

are fi-H's available to shift in intermediate II for 2-methyl—2-nitropropane

to produce Co(CO)HN02".

The reaction of Cr(CO)3‘ with 2-methyl-2-nitropropane yields the product
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ions Cr(CO)20" and Cr(CO)3O" from intermediate I and CrCnH2n+1N'O‘ from

intermediate 1'. The product ion Cr(CO)x_aOH' seen in the reaction of

l-nitrobutane is M expected in the 2-methyl-2-nitropropane reactions since

there are no B-H's present in intermediate I with 2-methyl-2-nitropropane.

A small amount of Cr(CO)3OH" is observed, however, which may proceed by

a H-shift through a six-member ring intermediate as shown in structure 133.

0

ll "' CO053/N—¥_( )x

/C\t' 0

CH3 IC-H"

H

L8

The largest product formed through intermediate IV in the l-nitrobutane

reactions is CrOsz‘. In the 2-methyl-2-nitropropane reactions, however,

there are E B-H's present in intermediate IV and thus, the only product resulting

from intermediate IV is Cr(CO)202‘. The product ion Cr(CO)x_aN02‘ is formed

through intermediate 11 in the reactions of 2-methyl-2-nitropropane. Although

B-H's are available to shift 0 to produce Cr(CO)x_aHN02‘, these B-H's are

terminal hydrogens for 2-methyl—2-nitropropane. The lack of terminal B-H

shift is not unexpected since the terminal B-H's in the reaction of nitroethane

also doM shift to yield Cr(CO)x.aHN02' (Table 11).

C. Reactions of n-Butyl Nitrite

The ion/molecule reaction products and branching ratios for the reactions

of n-butyl nitrite (C4H90NO) with iron, cobalt, and.chromium—containing anions

are listed in Table 12. In the corresponding positive ion reactions of n-butyl
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nitrite22, the majority of products resulted from metal insertion into the

relatively weak O-NO bond (42 kcal/mole)73 along with metal insertion into

the C-0 bond. All of the products observed for n—butyl nitrite with the

metal-containing anions appear to proceed through two intermediates.

Intermediates A and B (nitrite intermediates) result from metal insertion into

the weak O—NO bond and the C—0 bond, respectively.

I

C4H90' M.“ NO C4H9" M- " ONO

A 8

Intermediate A may lose the C4H90 ligand to yield M(CO)xNO' or lose

the NO ligand to yield M(CO)x_aC4H90‘ as shown in Scheme XV. The electron

affinity data (E.A.(C4H90) = 43.8 kcal/mole and E.A.(NO) = 0.5 kcal/mole)

suggest that the loss of C4H90 should not occur. The loss of C4H90 is a minor

process, however, and is only observed for Fe(CO)3", whereas the loss of NO

is large («20%) and is observed from all three metals.

The reaction of Cr(CO)3' is unique in that it continues to react following

the loss of NO (structure 1"9, Scheme XV) to eliminate molecules of H2. Recall

that this reaction was also observed only for Cr(CO)3' with n-alcohols. A -

8-H may shift onto the metal in £9 to yield structure 29 in which the metal

is bonded to the carbon and the charge is moved onto the oxygen. This

mechanism is identical to that proposed in the reactions of n-alcohols. Another

8-H may shift in 2,0 with loss of H2 to yield structure 21 (loss of NO and H2).

The metal may continue to move down the alkyl chain in a similar manner
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to eliminate a second H2 molecule as seen in Scheme XV.

A 8-H may shift onto the metal in intermediate A to yield structures

22 and 23. In 22, the charge remains on the metal with the formation of a

Ir-bonded aldehyde which is lost to yield M(CO)x.1HNO'. Note that two.

structures are possible (HNO, or NO and H as ligands) for this product ion

as shown in Scheme XV. In structure 2‘3, the metal is bonded to the carbon

with the negative charge being transferred to the oxygen, analogous to L9.

The HNO ligand which is formed may be lost due to it's low electron affinity

(7.8 kcal/mole). This product ion reacts further to lose a molecule of H2 to

yield Cr(CO)ZC4H60‘ (loss of HNO and H2) as shown in Scheme XV.

The remaining two products may be explained through intermediate B

(C-O insertion) (Scheme XVI). The alkyl radical, C4H9, in intermediate B

may be lost to yield M(CO)xONO‘. The product ion M(CO)x_aHONO’ is formed

as a result of a 3—H shift in intermediate B followed by loss of the l-butene

ligand which is formed.

In summary, the general mechanism proposed in the reactions of

metal-containing anions with alkyl halides and alcohols has been successfully

applied to the reactions of nitroalkanes. The metal insertion/charge transfer

(delocalization)/3-H shift process still occurs exclusively at the functional

group (i.e., no C-C or C-H insertion). The nitroalkane reactions parallel the

alcohol reactions in complexity relative to the chloroalkane reactions, since

the N02 and OH groups both contain bonds which are also attacked. The -

nitroalkane reactions are unique in that several products appear to result from

intermediates which are formed by rearrangement of the initial metal insertion

intermediate. The electron affinity data available allows one to predict the

ligands which are formed and lost in the reactions. 'The same ligand effects

are observed in the reactions of nitroalkanes as in alkyl halides and alcohols
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(e.g., l7 electron species are unreactive) including further evidence for the

active participation of the carbonyl ligands in the reaction mechanisms. The

metal-induced nitro—to—nitrite isomerization which was observed in the positive

metal ion reactions of Co+ with nitroalkanes is not observed in the reactions

of metal-containing anions.

D. Further Insights into the Metal Insertion/Charge Transfer Mechanism

There are two possible explanations for the lack of C-C and C-H insertion

in the reaction of metal-containing anions with organic molecules. The first

involves the stability of the three metal insertion intermediates following

insertion into C-C, C—H, and C-X bonds as shown in structures 24 to 26

respectively.

R'- MT—R"x '—R"X R—M‘Z—x

24 26
N

Structure 26 (C-X insertion) is predicted to be more stable than structures

24 and 25 due to the relatively high electron affinity of the functional group

and thus greater charge delocalization. (This analysis contains a number of

assumptions, e.g., without charge delocalization, all of the metal-ligand 0

bonds in 2‘4 to 2,6 are of approximately the same energy.) The other explanation

may be that metal insertion occurs via complexation/charge

transfer/fragmentation as shown below (i.e., charge transfer occurs prior to

metal insertion).
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M"+l—>M--l —9 m:

In order to differentiate between these two processes, one must determine

when in the mechanistic sequence the charge transfer process occurs. The

latter process can be considered analogous to the dissociative electron capture

process which occurs during low energy electron impact.

The electron impact negative ion mass spectra of the organic molecules

studied here are consistent with a mechanism in which the charge transfer

process occurs prior to the metal insertion process. For example, the negative

ion mass spectra of alkyl chlorides" at high electron energies (> 50 eV) include

Cl” and several alkyl fragment ions (e.g. CZH", Cg“, and CH”). At lower electron

energies, however, the only ion present in the mass spectrum is Cl‘, i.e., electron

attachment leads to the formation of Cl‘ and R-. This parallels the metal

insertion/charge transfer process in which the R-Cl bond is broken and M—Cl‘

and M-R bonds are formed. The major negative ions present in the 90 eV

electron impact mass spectra of alkyl alcohols78 are (M-H)‘, OH", and O“.

The formation of the ion/radical pairs ((M-H)‘ and H-) and (OH‘ and R-) parallel

metal insertion/charge transfer into the O-H and C-OH bonds of n-alcohols,

respectively. The predominant negative ions in the low energy (4.5 eV) electron

impact mass spectra of nitroalkanes79 are N02", 0', and CN". At higher

electron energies more alkyl and rearrangement type ions are present. The

formation of the ion/radical pairs (NOg‘ and R-) and (O' and RNO-) in the

electron impact process again suggests that the charge transfer process may

occur prior to the metal insertion into the R-NOZ and N-O bonds of nitroalkanes.
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Thermodynamic calculations58 for the dissociative electron capture process

(reaction 22) yield values for A H22 of N-6 kcal/mole for X = Cl, M15 kcal/mole

for X = Br, and~+48 kcal/mole for X = OH.

RX + e- ———a»R- + x- (22)

These results correlate well with the preference for site of attack which was

observed in the chemistry of the bifunctional organic molecules. For example,

metal insertion/charge transfer into the R-Br bond was preferred over the

C-Cl bond in 1,n-bromochloroalkanes, and C-Cl insertion occurs preferentially

over C-OH insertion in 1,n-chloroalcohols. These trends may be predicted

by the exothermicity of the dissociative electron capture process in reaction

22.

A similar analysis of the formation of RO“ and H- from n-alcohols, i.e.,

a process similar to metal insertion/charge transfer into the O-H bond, yields

a value of AH =4: +60 kcal/mole which is approximately 12 kcal/mole more

endothermic than for the formation of OH‘ and R-. This would suggest

preference for metal insertion/charge transfer into the R-OH bond over the

O-H bond of n-alcohols. The opposite trend, however, was observed in the

chemistry of n-alcohols with metal-containing anions. This may reflect the

effect which the formation of different bonds (e.g., R-M-OH and RO-M-H)

has on the preference of attack by the metal anions in the metal insertion/charge

transfer process.



CHAPTER 7

CONCLUSIONS

A general mechanism has been proposed for the reaction of metal-containing

anions with polar organic molecules. Low energy electron impact on Fe(CO)5,

Cr(CO)6, and Co(CO)3NO was utilized as the source of the metal-containing

anions in order to obtain a significant amount of the more reactive (non-

17-electron) species. The reactions of alkyl halides and alcohols with these

metal-containing anions suggest that the initial step is the formation of a

metal insertion/charge transfeddelocalization) intermediate into the

C-functional group bond. The negative charge may be transferred to a ligand

(e.g., Cl) which has a relatively high electron affinity. This is followed by

possible rearrangement (e.g., s—H shift for CnH2n+1X when n >, 2) and

competitive ligand loss similar to that observed for positive metal ions.

Evidence for the occurrence of 8-H shifts in the reactions of metal—containing '

anions has been reported here for the first time. The ligand loss process

observed for metal anions is quite different from that for the corresponding

positive ions. For example, ligands which are I-donors (e.g., olefins) are strongly

bound to the metal in the reactions of positive ions but are always lost in the

reactions of metal-containing anions.

94
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The exothermicity of the charge transfer/delocalization process appears

to determine the products which are formed. The trends in reactivity of the

various metal-containing anions results in a possible ordering of the electron

affinities of the metal-containing species: E.A.(Cr(CO)3) < E.A.(Co(CO)2)

< E.A.(CoCONO) < E.A.(Co(CO)3) < E.A.(Fe(CO)3) = 41.5 kcal/mole. This

ordering of electron affinities is consistent with all of the reactions observed

in this dissertation. For example, Cr(CO)3' is always the most reactive species

since it is predicted to have the lowest electron affinity and thus the greatest

amount of energy is released in the charge transfer process.

The general mechanism which was proposedcan be successfully applied

in explaining the reactions of several bifunctional organic molecules and

nitroalkanes. The products observed in the chemistry of bifunctional organic

molecules (e.g., 1,n—bromochloroalkanes) indicates the preference of attack

at one functional group over another. The preference for attack appears to

depend on both the electron affinity of the functional group (and thus the energy

available in the charge transfer process) and the bond energy of the C-functional

group bond which must be broken on insertion. Products are also observed

which are indicative of metal insertion withm functional groups.

The reactions of n-alcohols and nitroalkanes are unique in that bonds within

the functional group are also attacked by the metal anions. Products are

observed in the reaction of nitroalkanes which result from rearrangement

following formation of the metal insertion/charge transfer intermediate. In ‘

contrast to the corresponding positive metal ion reactions, there is no evidence

in the chemistry of metal-containing anions for metal insertion into C-C or

C-H bonds. The lack of C-C and C-H insertion may be expected if the metal

insertion/charge transfer process is compared to .the processes which occur

in the dissociative electron capture negative ion mass spectra of the organic
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molecules. The similarities in the metal insertion/charge transfer process

and the dissociative electron capture process suggest that the charge transfer

may occur prior to the metal insertion.

Several ligand effects are observed in the reactions of metal-containing

anions. The reactivity of the metal decreases as the number of ligands increase.

The l7-electron species (M(CO)n-1’) from electron impact on a metal carbonyl

containing n CO ligands are generally unreactive as reported in earlier studies.

Metal species with fewer ligands however are very reactive. Products are

observed which indicate the possibility that the carbonyl ligands which are

present may actively participate in the metal insertion and rearrangement.

processes. This has also been suggested in the reactions of positive

metal-containing ions.

The original premise for the application of these metal-containing anions

as chemical ionization (Cl) reagent ions appears to be somewhat limited. The

Parent substitution products observed may provide information on the molecular

weight of the sample molecule. Functional group information can be obtained

through the products observed from metal insertion into the C-functional group

bond (e.g., M(CO)xCl"). The only structural information which is available

from the reactions of metal-containing anions is the presence or absence of

products resulting from a 8-H shift rearrangement depending on the length

of the alkyl chain. The reaction of the corresponding positive metal ions results

in a larger variety of product ions and thus more information on the analyte

molecule. One example is the presence of products resulting from metal

insertion into C-C and C-H bonds which areM observed in the anion reactions.

Based on this work, the anion which would provide the most information in

a CI experiment would be Cr(CO)3‘ since the largest variety of products are

usually formed with this metal-containing anion.
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The results presented in this dissertation suggest several possible future

projects on the reactivity of gas-phase metal anions. If the electron affinity

of the metal-containing species could be experimentally determined, they

could be compared to the ordering which is suggested in this study. The

experimentally determined electron affinities would also be beneficial in

predicting the products observed in the reactions of metal-containing anions

with other organic molecules. The determination of the reactivity of the bag

metal anions would also be very interesting. The use of collision induced

dissociation and ion ejection techniques with Fourier transform mass

spectrometry (FTMS) allows one to form the bare metal anion, M', from the

corresponding metal carbonyl, M(CO)n. The reactivity of the bare metal anions

with the organic molecules studied in this dissertation could be compared to

the reactivity of the metal-containing anions, M(CO)x‘. The effect that the

presence of the ligands have on the reactivity could then be determined.

Squires80 has reported that the bare metal anion Cr‘ is unreactive towards

propene, but Cr(CO)3H' reacts to eliminate H2. The presence of the ligands

in the reactions of metal-containing anions may be necessary either to remove

the excess energy from the charge transfer process (since carbonyl ligands

are frequently lost) or to actively participate in the metal insertion or

rearrangement process as illustrated in this study.
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Appendix A

Table 13. Pertinent Electron Affinities (E.A.) (kcal/mole)ll

 
 

 

Anion (M') E.A. (M), kcal/mole Reference

H" 17.4 56

Cl' 83.3 53

Br" 77.6 53

131-2“ 57.7 53

Cr‘ 15.4 74

Cr02" 55.3 ' 72

Co' 15.3 75

Fe" 3.8 52

Fe(CO)‘ 29.1 52

Fe(CO)2’ 28.1 52

Fe(CO)3' 41.5 52

Fe(CO)4' 55.3 52

FeH“ 21.5 40

CO" _ 31.6 76

(:02- -13.8 66

0" 33.7 64

HO" 42.2 53

H20' 0.00 67

CH3O‘ 36.7 60

021150” 39.3 61

n-03H7O‘ 41.2 61

Table 13 continues

98
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Table 13 continued

n-C4H90' 43.8 62

CH3C1' -79.6 48

CH3' 26 55

C2115” 23 55

C3117" 16 55

C4H9' 15 55

C2H4' -35.7 57

C3H5' 12.5 69

CH3N02' 9.2 65

NO" 0.5 68

HNO' 7.8 70

N02' 53 63

C2H5N' 43 71

8Electron affinity is defined as AH for the reaction M' —-)- M + e“
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observed.thereactionsofCo’ with several C,H,X spociesare

giveninTablo I. Withtheexception of ethylaminc. the major

reaction pathway forall of these compounds involves insertion

of themetalioninto the relatively weak C-X bondasthe first

mechanistic step. Afi-H shift fromthealkyl ligand maythcn
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petitiveligandlossasseeninreactionl. Forthereactionsof
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X A’ neutnl rel 1» ref

H no reaction 54

CH, Cocgli.’ CH. Jl id

CoC,H.’ H, 69

I CoC,H.’ HI 79 6

Col’ C2H, I I

CoHI’ (3,11. l I

OH CoHp‘ C,I-l. l) 6

CoC1H.’ H30 87

SH CoC3H.’ H,S 7O 12

CoSH’ C,H, 7

CoH,S‘ C,H. 23

NH, CoC,H,N’ H, I S 8

CoCH,N° CH. 26

CzflgN. CO" 59

o CoCO’ C,H. 8 IO

CC". C0C2H.’ C,H.O 2‘

CoC,H.O‘ C,H. $2

CoC,H.O‘ CH. I l

CoCJhO’ H, 5

9 CoHp’ who 36 IO

‘°“ occur; cup, 11

CoCH,O,° C,H. 5

CoC,H.0’ Hp 21

COCiHaos. Hi 1

? CoC3H. C3530; 3‘ I0

0‘“ CoCl-I10,‘ Ctfla 64

 

heertionintotheC—Xbondisstillamajorreactionpathwsy.bet

someclmvageofbontwithintbsfunctionalgroupalsooccnra’
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Table 11. Listing of Neutrals and Ions Resulting from the Primary Reactions of Co' with Nitromethlnc and ”CUM Nitrite

Co’ + reactant -° CoR’ + neutrsl(s)

 

  

 

_ CH,NO, CH,ONO

CoR" neutral(s) rel S intermediate structure rel ‘5 intermediate structure

CoHNO,‘ CH, 2 I 0

CoH’ CH,ONO 2 111. E 15 C. E

(300’ HCN. 11,0 17 IV. V 0

CoOH’ CH,NO 21 IV. V 0

Co(OH),’ HCN 6 IV. V 0

CoCH,NO‘ OH 3 IV. V 0

CoCHNO‘ 11,0 3 IV. V 0

CoNO‘ CH,O 2 E S E

CoOCH, NO 40 E 70 E

CoOCI-I, HNO 2 E 5 E

CoOCH 11,. NO 2 E 5 E
 

Tabhm. ListingofloasandNentralaRssuItiagfromthePrinmry

ReactiomoICo’withNitroethans

 

 

C0. '9‘ C3H’N03 -. COR. ‘9' MUHKC)

Colt' neutral(s) intermedis‘is structure rel ‘8

CoHNO,’ c,11. l 12

CoC,H.’ HNO, 3

CoC,H,° 11,. NO, 1. 111 14

CoCH,’ €11,110, 11 s

CoCH,NO,’ CH, 11 7

COCH,N0;. CH, 11 2

C00‘ CH,CN. 11,0 IV. V 2

C001” C,H.NO 1V. V 20

Co(OH),’ CH,CN IV. V 4

CoC,H.NO‘ . OH 1V. V 3

CoC,H,NO" 11,0 1V. V 4

CONO’ C,H,O E 3

CoC,H,0‘ NO E 4

CoC,H.O’ HNO E 10

CoC,1-I,O‘ 11,. N0 11 s
 

Alogimlestenfionofthismwla‘chhasbemmcn’vingreemt

interesuisthestudyoftheeffeaofvariousligandsonmetalion

reactivity. Although thisworkisstillinits infancy. preliminary

studieshaveshownthatthepseseooeofsligandmayleadtonsw

reactionmechanismsaswellasenhanceordeactivatethebare

metslionJM"

Asacontinuationofourwa'kinthisamthermultsofastudy

ofthereactionsofCo’withsomealiphaticnitrocompoundssie

pt'mstitsdhere. InadditionJeactiominvoIvingCoL’generated

 

nemtmtmmtatimofihsmsaivsiat-srmisdadsths

followmg: (a) Huang. S.K.;All'noa.1. lies I”). 883. (b)

1mm. \V.:Stalsy. H. .

D. lsfmiser 3. 8.76“. teams. 7484. (c)Wrtmha.1.; R'aI'.D..P (6U.

1'4. [06. 67

(2)(aimlltlmmhnlLtmars-sjoelfltlw.

784. (b) mm! 3.: lunchampJ. L. 1814. III. 101.6638“)

Hails.LF.;MRNMJWLW I.

”(3)”.Kama. D: Fm. nan-1.01... 8‘12. I641.

”(filamhrshihl;m1. In. J. UmSmloaPhys. 1.3.49.

”(5)“1ma. D.; hrm’m..:R.C FHWISJMCMnSerm

104. 3568. (b)3yld.0 D.: Frm'm. 3.5.1614. 1‘1104. 5944. (ellaoohm.

D. 3.; Freiser. 3. S. (bid. I”; 101. 736. (d) Jacobson. D. 3.; Freiaer. 3.

S. M. I”. 101. 8197. (e) Alien. 1; Frees. R. I; My. D. P. (bid. I979.

101. 1332.

(6) All'noe. 1.: Ridge. D. P. J. Am. Che-1.543. I979. 101. 4998.

(7) (a) Armsetroat. P. 3.; Halls. 1.. F; 3m

Sec. III. 103. 6624. (b) Allison. 1.; Ridge. D. P. I

(8) deecki. 3.; Allison. 1. J. Am. Chem. Sec. 1.4. 106. 946.

(9) Denier. R. C.; Dyrd. O. D.; Priest. 3. S. I. Am. Grill. Set. 1.8.

103. 4360.

,.(10) Iyrd. O. D. Ph.D. Thmn.‘ Pandas Uatvmnt'' y. Wat Lafayette. IN.
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(Il)CarIinT.1; Null 3.11:1“. IMSlmrgMIII ”.2743.

02le 1. PhD. MPerdeeUaivern‘ty. West LsfsyettalN.

I98

(lJ)(s)AII'aea.1.; HmogSK;LombarsliMe Meanaywsw-

ass-1111.8 AmmsmaSom'styfaMamSpectrmstry

mfili..(blerbepaeIm.A.; Miami-endure

Tim". ListiagofNeutraIsendlonsRmuItingfromthePrimnry

ReactionsofCo’ with Nitropropsns

Co' + C,H,NO, -° CoR’ + neutral(s)

C0. + C)H1N03 " R" + M8111“)

 

 

 

rel %

intmmsdiata 1-2-

CoR’ or R" neutral(s) structure C,H,NO, C,H,N0,

C,H,‘ CoNO, I l2 l7

CoHNO,’ (2,11. I 21 I6

CoC,l-I.‘ HNO, 1 4 3

CoC,H,’ 11,. NO, I. III 10 6

CoCH,‘ C,H.. NO, 11 2 2

CoC,H.NO,‘ CH, 11 8 8

CoC,H,N0,’ CH, 11 2 J

CoCH,NO,’ C,H, II 2 2

CoCH,N0,° C,H. II I 2

CoOH' C,H.NO IV. V 18 18

CoNO’ C,H,O E 2 2

CoC,1I10’ NO E l 3

CoC,I-I.O’ HNO 3 6 7

CoC,H,O‘ H,. NO 3 14 ll
 

asprimarypoductsfromtheinsetactiaiofCo’withnitroalkaam

as well as Co(CO),’ (x I 0-2) and Co(CO),NO" (x I 0—3)

generated by electron impact on Co(CO),NO are prmented.

Eapsrlmsmal Section

Theeapsriaisntsinvolvingthsbaremstalion.Co’.wsremrrisdeet

byusingsprototypeNicolst FTMS-IOthichlnsbaeapreviome

described in detail." The mam spectrometer is equipped with a 5.2-cm

cubic trapping cell situated between the poles of a Varian ls-in. sim-

tromagnet maintaind at 0.9 T. The cell has a 0.25-in.-diameter hols b

one of the transmittw platm to allow various light sourcmm to the

insideofthecell. Co’wasgenmatedbyfocusingthefrequency-doebled

beam (530 nm) of s Quanta Ray NszAG laser onto a high-parity

oobaltfoilwhichwassuppmtedbytheoppmitstransmitterplste. Detaih

of the laser ionization caper-intent have been described elsewhere.”

Laser initiation can produce ions In eacued states. and while step are

takentominimimtheirprmmce."theformauonofnunorproductsfru

excited Co‘ cannot be completely ruled out.

The distributions of primary product Ions listed in Tables ll-V are

reproducible to within #1011 absolute for the timer products and £95

absolute for the minor producta Product distnbuu‘ons of salmon.

reactiomoftheCo’uimaryrescttonproductsweredeternunedbyV"

swept double resonance techniques" to isolate the ions of Interest.

The CID apefinmnts were performed by using the FTMS. San“

prmseresweteontheorderofl x 10"torr.andtheargon target's

wasontheorderofl X10”torr. Pressuresweremonitoredwitha

BayardoAlpert initiation gauge. Details of the CID experiments have

been described previously.“'“ The collision energy can be varied

 

(l4) (s) Cdy. R. 3.; Pr“. 3.5 law. 1. Mass Spa-trons. Icahn. 1.1

:1. 199. (b) Cody. R. 3.: Denier. R. C.; Presser. 3. S. Aeai.Chms. In.

4 96.

(IS)Caseady. C. 1.; Framer. 3. S..venpublishedrmuln.

(l6)(leomnarow.M..;3 Grassl.V :Psrisod.G.MPhersrt.l9fl.

57. 4|]. (bIMsnhalLAG; Cmnimrow. M. 3.; Par'nod.G J (Is-LP.”-

'2: :I. 4134. (c)Psr‘ntII.G.;Couaroe. 14.3.“. MmsSpmvem.

I .21
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Co’ and Cdllgmdl.’ Reaction: with Nlnoolkoner
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Tabb V. Listing of the Neutrals and loin Resulting from the Primary Reactions of Co’ with Nitrobutane and Iutyl Nitrite

Co’CJ‘LNO, -° CoR’ + ueutral(s)

Co' + C.H.NO, -e R" + neutral(s)

 

 

 

 

rel %

intermediate
intermediate

CcR’ or R" tie-mm) (nitro) 1.0.11.110, 2-C.H,NO, (C11,).CNO, (mm) l-C.H.ON0

C.H." CoNO, I 38 30 19 A 2
CoHNO,’ 0.11. 1 9 13 z o
CoCJ'I.’ HNO, I l 3 I A I
CoCJ-I,’ H,. NO, I III 6 I3 5 0
CoC.H.‘ 11,. 11140. 1 3 4 o A 4
CoCH,’ c.11.N0. 11 o o 2 o
CoC,H.N0," 11. 11 1 2 2 o
CoC,H.NO,° c.11, 11 3 5 1 o
CoC,H,NO,’ c.11. 11 14 1 1 o

11 ' C,H,NO, 11 2 o o o
011011.110; .11, 11 2 1 o n 23
CoC,H,’ 01,110, 11 2 2 o o
CoC,H,’ CH. NO, II 2 I 0 I 6
CoOI-I’ c.11.N0 1v. v 7 1 3 o
CoC.H.O‘ NO E I 3 I E 2

HNO E 2 4 I E 7
CoCJ-I,O‘ H,. NO E 3 5 0 E 2I
CoCJflO’ H,. HNO E I 2 O E 6
CoCJ-Ip' 2H,. NO E 2 3 0 E 21
CoC,H.O’ €11,110 E 1 1 2 E 1

See-1
mayalaobepossihlel‘ortheprodects.0nthebasisofacon-

. sideration of all of the data. however. including (i) subsequent

C°°’C”s°”°“C“-°‘c*"° “005°” ion/molecule reactions of the primary products with the nitro-E II (ii) If . . I I I' . don I (iii) the .

w' 00'" of Co‘ with ether nitroalkanes. and (iv) the reactions of other

cmo-ci‘r-m ECoH'ocnpouo

N CoOCH; mm

1'
a-oo-cd-uo—ocwcwo 11. mo

H

typicallybetweenOandIOOeV. Thesprmdinionhinsticean'gissis

tpmdsntonthetotalaveragskineticenergyandisapprueirtntely355

at I eV. l0$ at I0 eV. and 5% at 30 eV.I

The studies of the reactions of cobalt-containing ions (erased by

dactronimpacton ' 4 ," ,' “10)wseeperl'a'nndonanion

cydotmnmspectrornetsroloonventionaldesignwbichhaspre-

vicuslybesndescttbsdindetsil.‘ Ion/molatnlereactiomandpreareue

wn-eideatifisdbyusingdoublermenaaosteehtu'qun Reportsddstaare

results of product ions formed in a H mixture (by pressure) of

Co(CO),NOtonitroalkane.sttotalptueuresbetwesnSx IO‘ andl

xlO”torr. Spectrawerealwaystakentomassmgreatsrthan276amu.

sincethe sum ol'themauodeCO),NO(I13 amulandthelsrgut

nitroalkane (C.l-I.NO,. l03 emu) equals 276.

Methyl nitrite and methyl-d, nitrite were prepared according tothe

literature." Aflothachemialswerehigh-purityccmmsreialssmples

whichmusedassuppliedeeesptforntultiplsfresae-penp-thawm

toremovenoncondensiblegaam.

I‘m ad Disc-lea

My Reaction. The primary for the reactions of

Co’ with nitroalkanes are listed in Tables II-V. As an aid in

mmmmmmaatwimm

nitrite and I-butyl nitrite were also studied. with their reaction

products being given in Tables II and V. respectively. In the

experiments with nitromethane and methyl nitrite. the empirical

formulas of all the products were confirmed by using both deu-

terated and undeuterated reagents. For several products from

thelargerniucalkamcmpiricalformulasotherthanthoselisted

 

(l7) Henna. 31.11; Mos-nae. M. 14.; Ellennn. D. D. J. Chem. Phys.

I911 54. 843.

(1's) flute-s. w. 11.; cit-sq. r. 'Orgamc‘ smear; Wiley: New

Vote. 1943; Collect. Vol. 11. pp res-m.

metal iotn with nitroalkane." we believe the formulas listed are

the most reasonable. Also listed in the tables is the probable

struaure ot'the reaction intermediate that leads to the formation

of each product. Structure I results from Co’ insertion into the

C-NO, bond. Structures II and III (which are possible inter-

o

R-Cl-lfCo‘N: hard-W

I a

Rat,- c.’-cn,11’ ecu,-Co°-cn,o~o

n n

'o

men-11b n-cu-ouo
I

(50' Co’

11 1'4

11: c

‘3
RCH,-N-Co°-O ncu,ou-Co'-o

n o

acme-came

E

med'ntmaugptedbytheobasrvedmactionsol’Co’withamina')

are products of metal insertion into the C-C and C-H bonds.

respectively. Insertion of Co’ into the NO bond. which has a

bond strength" 01' 75 kcal/mol. leads to intermediate IV. An

analogous set of insertion isomers for Co’ with alkyl nitrites are

also given (structures A-E). Throughout this paper. intermediate

which follow from nitroalkanes will be labeled by I-V. and in-

termediates from alkyl nitrites will be labeled A-E.

As will be discussed below. some products from the reaction

of nitroalkanes with Co‘ can be most eesily explained via inter-

mediates A-E. suggesting that either a nitro-to-nitrite isomeri-

 

(l9) m. V. I.; Matyeain. Y. N.: Let-hr. Y. A. Ian. Aknd. Noel.

Ans. 53R. .90. (Has. Neath. I974. 8. l101.
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nation occurs or. in some other mechanistic step. a 'nitro

intermediate“ is converted to a “nitrite intermediate".

Nlttomethae sad Methyl Nitrite. From the data in Table II.

two interesting points are evident about the reactions of Co’ with

nitromethane. First. in comparison with the reacriorts of Co’ with

other monosubstituted methanes. nitromethane chemistry is

caniderahly richer. having a large number of products. M .

methyl alcohol.‘ and methylamine‘ have been found to be un-

reactive with Co’. while methyl bromide.‘ methyl chloride.‘ and

methyl rttercaptan‘2 each give only one to two products. in contrast

to the reaction with nttromethane which yields three major

products and seven minor products. Second. the products are not

than that might be expected on the basis of C-N bond irnertion.

but appear to result printerin from insertion into the N-O bond.

In order to explain the reaction products. it is useful to compare

the results for nitromethane with those for methyl nitrite. 30th

compoundsareobeervedtoyieldthesamemajorprimary product.

CoOCH,*. as well as having four minor products in common.

There 3 one distinguishing feature of methyl nitrite chemistry

that affects both its solution and gas-phase chemistry. This is

a very weak CH,O—NO bond. With a bond-dissociation energy

d42hnI/mol.”thisbondiscorniderablyweakerthanthetypiml

C-C bond (ca. 88 kml/rriol"). the C-H bond (ca. 91 heal/incl").

the nitromethane C-N bond (61 keel/moln). or the N-O bond

(75 kcal/mol"). Thus. one would expect that the reactions of

Co’ with methyl nitrite would involve oxidative addition into the

weak O-N bond. giving the insertion intermediate E. As shown

inScheme I. the formationofEfollowed byaB-I-I shiftontothe

nualmnexplainalloftheproductsofthemethylnitritereaction.

Products resulting from the possible intermediates A and D are

not observed. possibly due to the relatively strong bonds which

would have to be broken. It is interesting that the NO group.

which is a threeelectron donor” and has been found to bond

strongly to Co’ in the gas phase.“ is lost preferentially to the

OCH, group. Since the initial insertion into the O-N bond lads

to an NO group which donates only one electron. the lifetime of

the intermediate may not be sufficient to allow rearrangement

to the linear three-electron donor complex geometry. Of relevance

'nastudyofWaltonetaI.” ' secondaryirettrnnspcctromury

(SIMS) on [Cr(NO)(CNCMe,),]PF. and several other similar

complexes. It was found that while initial fragmentation occurs

via loss of isocyanide ligands. after the third isocyanide ligand

is lost. the fourth ligand lost is exclusively N0. N0 ions corre-

sponding to Cr(NO)(CNCMe,)’ or Cr(NO)’ were observed.

Their rationale for this observation was that while initial ligand

In from large ions is determined by relative bond strengths. in

smaller ions the ability of a ligand to delocalize charge bemmm

animpatantfactorinligandltm. Otherfaamssuchassyna'gistic

ligand elfects and the ability of a ligand to carry away excess

energy may also play a role in ligand loss.

In the reactions of Co‘ with nitromethane. products are ob-

served due to intermediates predicted from both the nitro and

nitrite functional groups. ,An intramolecular RNO, to RONO

isomerization isobaervedintheelectronimpact(EI)nnssspectta

of many aromatic nitro compounds" andin a few aliphatic nitro

compounds.” Such an isomerintioncanalsooccur thernnlly"

 

(20) Iatt. L; Robiinoa. G. N. "The Chem'ntry of Amino. Nitreec. and

Nitro Compact and their Derivativee': Patel. 3.; Ed: Wiley: New York.

1982; Part 2. p 1015.

(21) West. R. C.. Ed. 'Handboot of Chantry sad Phynm'. ”sh ed;

Chenu'cal Rubber Publishing Co.: CM I914.

(22) Refer-ice 20. p 1043.

‘03) Cotton. 1“. A.; Wilkinson. 0. “Advanced 'Cbsauetry'. 3rd

lateracience: New York. 1972; pp 713-119.

‘(20 Weddle.0 H;Alhrn.1.;Ridgs.D. P..] “Gauche. 1917.99.

Ills

(2S)Plerm.1 L. Wigley. D. EzWaImRAag-manrdllaIMI.

13

(26)(a)3ereey. M. M. McLaIIerty. F W. 1.4111. ChemHSor 1966.88.

3023. (b) Meyereon. 5.: Puebsale Fields.E. K lbt'd. ”66.88. 4914 (c)

“MR Willie-an H..Yeo.A. N H. Org ”01.3”!” 1978.

3. 1483. (d)Ieyoa.1. 11.; 8srtread.M.; ContaR. G. I. AmesstHSoe

1973.95. 1139.

“7(27) Nibberteg. N. M. M.;de8ear.Th.1. 0g. Hashim. "78.1.
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orphotochemically1’ However. EI-inducedmuons arise

due to charge/radical sitm in the molecule. and thermal and

photochemical isomeriutions are believed to occur by an NO,

dissociation from the alkyl group followed by a recombination.

ItscemslikelyinthecaseofCo’ reacting withnilromethanethat

the metal assists in such a nitro-to-nitrite isomerization. Possible

mechanisms for the nitro-to-nitrite conversion are presented in

Scheme II. There are two general pathways in which this con-

version may occur. The first involves the coordination of Co’ to

an oxygen while the molecule isomerizes (reacrion I in Scheme

II). Once the nitrite isomer is formed. Co’ inserts intothe O—N

bond to give intermediate E. The other possibilities involve

participation of the metal (reactions 2 and 3 in Scheme II) by

initial N-O or C-N insertion. Note that the actual nitrite isomc

is not formed in these mechanisms. but only the metal-insertion

intermediate (E) typical of nitrites is formed.

Two major products. C00’ and CoOI-I’. and several mince

products are seen in the nitromethane reactiorn which are not

present in the methyl nitrite reactions. The most probable

mechanism for the formation of these products. Scheme III.

involves an intermediate with two oxygen atonn bound to the

ntetaLintermediateV. Onefactsuggmtingthefcrmationofth'n

i’
emu-c1130

H

I

intermediateasoppoeedtoasmeewithonlyoneoxygen bound

to the metal. intermediate IV. is that CoO’ formation from IV

would involve loss of CH,NO. This process would be approxi-

mately 30kcaI/molendothermic.” TheformationofCoO’ from

V with loss of HCN and H,O is 13 kcal/mol exothermic. Also.

the formation of the minor product Co(OH),‘ (or Co(O)(H,O)’)

indicates that. at some point. two oxygen atoms must be

to the metal.

Collision-induced dissouation experiments were performed on

the major primary reaction products of Co’ with nitromethane.

Asexpectcd.theproductsCoO’audCoOH’ losthndOH.

 

(28) Reference 20. Part I. pp 434-441 and refereacm therein.

(29) Reference 20. Part I. pp 214-2l6 and referenc- therein.

(”)Thumochnmmlinlornntioantaheafromrel’meedRmemtochet

al.:R...oseasrocb.HMDrexl.;Steian.8......WI-l¢ree.1TJPbyr

Chews.Re/.Dese.3eppl. I917.I.6
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C0‘ and Cofllgendl.’ Reaction with Nirroellrcnrs

Tfl VI. Ion and Neutrals Formed in Subsequent Reactions of the

Prlnnry Products ofthe [Co’ + CH,NO;| Reaction (P - CH,NO,)

CoR‘ + 04,140, —- Colt" + neutral
 

 

Coll’ Coll” neutral rel ‘5

C00‘ CdOng’ HCNO 40

Co(Cl-I,NO,)' OH 30

CoP' O 15

CoOP' 15

CoOII’ Co(OI-I)(l-I,O)’ HCNO 10

Co(CI-I,NO,)’ Hp 40

Col” 01! 20

CoHP' O 10

Co(OH)P" 20

CoOCI-I' a

CoII’ e

CoNO’ NR‘

CcOCI-I.‘ CoP’ (211,0 100

CoOCI-I,’ CollP‘ C1130 100

CotOI-I){ CoOP‘ Hp 75

C°(0H)P’ OH 25

CoClINO’ CoOP‘ I-ICN 100

CoCH1NO‘ Co(OH)P' HCN 1m

CoIINO,‘ Co(OII)P' NO [N

3rd Generation (Subsequent Reaction of Products Listed

Above)

Co(0l11)(l-I;0)’ Co(OH)P' 14,0 1!!)

CcCH,NO,‘ Co(NO)P' cup 100

CcP' CoOP’ CH,NO 10

Co(OlI)P’ Cl-lzNO 70

Col-II” CH,NO, 20

Cold? Co(OH)P’ CH,NO It!)

0:01” Co(OH)P' CH1NO, 70

(30001;)? 8N0, lo

Co(CH,N0,)P’ OH 5

CoP,‘ O 15

010le Co(OCHi)P' "N02 '0

Co(CH,NO¢)P‘ H10 80

Co(OH)P,‘ 10

4th Generation (Subsequent Ruaeticm of 3rd Generation

Reactions)

CdOCH,)P' a

Co(OCH,)P' Co(0CIM(CH;)P' HNO, 100

Co(NO)P’ Co(CH,NO¢)P‘ HNO 30

CoP,’ N0 30

Co(NO)P,’ 4o

Co(CH,N0;)P’ ColCI'Ig)(CH,NO,)P' “NO, 50

Co(CII,N0,)P;’ 50

CcP,’ Co(CH,)P{ I-INO, 50

CoP,‘ 50

Co(OH)P{ Co(CI-1,NO,)P.‘ “,0 100

5th Generation (Subeenamt Reactions duh Generation

Emotions)

Co(OCH,)(CI-I;)P’ e

eCo(NO)P,‘

cacumcrtmogr e

cacagr.’ e

cqcrimogr' NR

CoP,’ NR
 

‘Furtherreactiorlofthisioneculdnotbede
tarmined. ‘NR indi-

catesthatthisioudidnctandsrgcasy
furtherreaeticnswithinthe

timssale(l0s)ofthiseaperimmt.

respectively. to form Co‘ as the only CID product. CoOCH,‘

lost C1110 to form Col-I’ exclusively with high-CID efficiency.

Deuterium exclnnge experiments to probe for metal hydride

character. i.e.. a structure such as

u-wni’
I 5

H H

movd lnccndusivu. No deuterium exchange was observed. lack

of deuterium exchange yields no information since Fel'I’. an ion

ofohviousmetalhydridecharacter.docsnotundergodeuterium

exchange. CoI'I’. however. undergondeuterium slowly.

and NiI-I’ each“. with deuterium readily." Although

.I. Am. Chem. Soc. Vol. (06. Na. 2!. I984 6l29

Scheme IV
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Scheme V
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Scheme VI

Co’scup-«mo,» CH,-co° -cu,uc,

I

CoCl-l; exam; mace-crime.

l

+ + H1

cu,no, cu,
CoCH.N0§

4.

C“.

CoOCH,’ does not react with D;. NiOCI-I,’. formed in the

reaction of Ni’ with methyl nitrite. was found to undergo one

deuterium exchange" This indiates that NiOCI-I,’ has a hydride

structure and most probably CoOCH,’ has a similar structure

based on the facile loss of CH10 when activated. as well as the

displacement of CH,O when CoOCI-I,’ reacts with GENO;

(Table VI) and other Lavis bases.

Nitrnethane. For the reaction of Co’ with nitroethane (Table

III). the majority (57%) of the primary products are analogous

to those present in nitromethane (note that. as in the case of

nitromethane. some products are best explained via the ‘nitrite-

lilte' intermediate. E). Scheme IV suggests a mechanism for

forming these products starting with intermediate IV.

Carbon-nitrogen bond insertion (intermediate I) is also an

important process in the nitroethane reaction. In Scheme V. a

mechanism is proposed that includes insertion of Co’ into the C-N

bond followed by a d-H shift onto the metal. This mechanism

could account for the formation of CoC,H.’ and CoHNoz’.

which are 15% of the total primary product intensity.

Carbon-carbon bond insertion (intermediate II) also appears

to occur and results in 14% of the products. including CoCl-I,’.

CoCIlzNOf. and CoCH,NO;’. The proposed C-C bond in-
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surtion mechaniamisgiveninSchemeVI. Theminorproduct.

CoCH,N0, thelonnlCH.

Methyleneisalsoformcdinthereaction IeadingtoCoHNO,

from nitromethaneThis isunusualsinceCH,isa

high-energyndicalandwouldrequireeithcrann-Hshiftontn

Co" oralternativelyontoanoaygenviaacyclicintermediate:

I/lz0N0“

cu,

‘o\w

re.T'h’e socondmost abundant product (14%) of the nitroethane

ctron.CoC,H,.couldreultfromoaidativeadditionintoa

C—annd(intemclliaielll)follcwdbya B—shiftaadlm 01H,

ThisloeaofI-I, isthunfollowedbyacleevageoftheC—Nbond

“mudmushownin

HumbleCo’ioleevedtoiI-Itrcadilytinto -Hbonda

ofrmaflalka-nuzuandbccauae thedomrnantprocessinthe

witth'."whichfavoraC-Hbcnd

insertion.”isthelosaofH,andN0,. Analternatepathway

ledlngtothsfamanon ofCoC,H,’ via intemediatu

inSchemeV

r 11 ‘ - Ja- - - . _l .1

themathree)ornitroethaneproducta. Again.notsurprisingly.

CIDonCoOH’3fcrtrredcnly Co’andnoCoH’. For CcHNO,.

reactionsz 311vtocutrred.thormathufticnol’Cc’reulting

athigh-CIDiar-‘gtet NoCoNO‘was“Manama

Como; T eoon’ 9 no 121

cc' 4 mo. (31

limitofD(Co‘-NO)<D(Co‘-OH)I-71t3hcaI/nicl.n The

ion/moleculereactionsW below alaoagree with this

.In addition. theabsencuof CoH‘andCoNO,‘is

" -h ‘the

HNO, groupfidcuring CIDdoes not givestry innformationonon

whether theC NO,’ ion is actually Co(HNO,)‘or

CdgHXNOYsinceonIyG kel/molateateruqairedto crmNO

HNO,”and amthan etough energy isrimparted

tothgionduringtheCIDprocesfor thiscleavagetooccur.

of N0 by CH,N0, (Table VI).howevcr. provide

evidence for the hydroxy structure. CIDexexperiments were also

performudon the CoC,H, ion. Ieadingtotothe products CoH’

and Co' from the lone of C,H, and C,H,. respectively.
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againinvolvcscleavaguofthu -0Nbood.withisnmeri-

alien to structure E still playing an important role However.

theC-Ninsertronintermedte gto plays more

important role'in the chemistry thanit did with the smaller ni-

troalkanes. The loss of C,H, and C,H. from 2-nitropropana

ennui be easily explained and may arise from a metal-induced

isomerintion of 2-nitropropane"tobeflln1‘trop1opane.l- Similar

maal-inducud isomerizatr beenprevioualy deembcd.'

CIDon CoOH‘ and CoHNO,?foru1ed frotn l-nitropropane

ion believed to be formed by either C—H or C-N insertion.

CoC,H,. underwent CID to give three products. as shown in
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Scheme VII

0

Co‘ . cu, cu,~o,mom-cum:

H-o ‘

l

H m:

"f H.C'CH

cn,=c-Co'-~o,°— to In-con,

'0

CoQH:

9

We

Collision-induced dissociation was also performed on

CoC,H,O*.anionmoetpobablyresultingfromtheloeso(I-l,

andNOfromintermediateE. Thisiondissoehteetol'ormliva

producu.reaetiom7—ll.withCoCH,’beingthemjorpmduct.

 

 cocaao’ " eocus’ + cmo m

L— cocngo’ 4» cm is)

.... cocpi.’ + co l9)

—- cocnl.’ 9 flat) (to

—-— of s cm in) 
AoomparisoaofthesereeultstotheCIDdatsobtainedfrom

CoCJ-I,O*andCoC.H,0* formed from I-batyl nitriteprovidm

someusefulini‘ormationindetermininghowthelomofflfirom

structureEoccurs. ThedisaociatiomthatoccarintheCIDo!

CoCJ'I,O* and CoC.H70’ are given in reactions lZ—lS and

16-20.rmpectivoly. Inbothaemthsnnjorlow-ena'gyproduct

 

cocm’ -‘5'-—- cocm.‘ + co 0:)

_. cocm‘ o ergo (13)

h— Cocm° + CgHgO (M)

-- co’ + c.u.o ' its)

Commo’ —- crept: + ciao tie)

—- cog»: 9 one it?)

_. mo’ + on» or cocm.’ + emu its)

—- coca; 0 com (is)

—- c.’ + CoNrO (so)

isCoCJ‘I,’andthetwois-jorhigb-¢tugypohctsareCoCi-l,’

andCo’. mmmudmmwp’mmp

fruCoCJiyo’suggmtsthatbothhydrogmsinvolvedintbn-H

shiftstoforml-lzoomefromthecarbonatotheoxygenOee

SchemeIV).

Hitch-tans. 'I‘hsreactionsofCo’withthreenitrobutane

imamgiveninTableV. Productsrmultingfrtanthep'opmd

nitroto-nitriterearrangementarestillpresentinthmeresctimis;

bowever.asthelengthofthearbonchainincresses.C—Cbond

insettionpmmctsmructuielnbecomemore ' t.Car-

boo-whoa insertion can account for 26‘5ofthe l-nitrobutane

products. 12% of the 2-nitrobutsne products. and 6% of the 2-

methyl-Z-nitropropane products. In the case of 2-methyl—2-

nitropropane.alloftheC-Cbondsareterminal. Co'hasbeen

fondtoheselectiveapitltimcrticnmtoterminalC-Cbaah.“

TheonlymajordiflerenceintheC—Cbondcleavagereections

 

"32'1”..0 I.“ Illha‘k “I“.

Custody er cl.

olthe three nitrobutanm with Co’ isthat CoC,H,NO,‘ is a main-

product with l-nitrohutane but only a minor product with 2-

nitrobutane and 2-metliyl-2-nitropropane. This product probably

results from insertion of Co’ into the middle C-C bond of the

l-btrtyl group followed by a fl-H shift onto the Co’ and the loss

of C,H.. This cannot occur with a Z-mthyl-Z-propyl group

without prior rearrangement of the alltyl chain.

Insertion into the C-N bond (intermediate I) also appears to

be a major process in the reactions of Co’ with the nitrobutanm.

In addition to the products CoHNO,*. CoC.H,*. and CoC.H.‘

which can result from a C-N insertion similar to that shown in

Scheme V, the major product in the reactions of each of the

nitiobutanes with Co' is C.H,*. This charge migration product

isalsosoentoa limited estentinthereactionsol’Co’ witbtha

nitropropanm. The reaction leading to C.H,* is apparently not

dissociative charge transfer. since this would be exceedingly en-

dothermic (~60 kcal/mol for l-nitrobutane). Thus. the neutral

productsarenorCoand N0, Thecombinationol’CoO4-NO

as neutral products is also highly endothermic. I! the product

is CoN0,. the results for I-nitrobutane suggest D(Co-N0,) z

60 Ital/moi and NMCoNOI) s 48 heal/incl" The prominutm

of C-N insertiim seen for Z-methyl-Z-nitropropane may result from

thefactthatallC-CbondsareterminaLwhichhindersC-Cbond

insertion.uandthefaet thatstericl’actorsmayhinderani—

unto-nitrite isomerintion.

AniatermtingaspectofthermdonsofCo’withnitropropans

andnitiobutaneistheloesot‘neutralrsdicslsasopposedtostable

neutralmoleailes. Foreaampleinthereactionoll-nitropropane

withCo’Jollowinginsertiatintothetes-iiamlC-CbondJB-shin

andlossol'CH.(reection 22)woaldbeeapected. However.

at + caucnzcnwoi

cm-Co’-cn,-Tu-uog T coca; + cm.
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resctirle isactualiyobssrved. Onepomibleesplanationfortha

IackofthisB-HshiitisthacuponinautioaofCo’intotheC-C

MWtionmayalsooocertoanosygeeoftheninogroup.

producingastableoomplaiawhicbthefi-H‘saregeometrtcolly

ieoccesstbletothemetal

 

H

—- cocsuaoi’ o cu. in)

CHs'w'cW

o ’"
\ / \H

0
:
2

Sires-set [section at the Pt” Piohete. The primary

products for the reaction of Co’ and nitroalkanes react furtha

with the neutral nitroalkanes. Up to five subsequent reactions

may occur after the formation of the primary products. To

illustrate the complexity of these reaction sequences. Table Vi

listsallolthereectionsoftheprimaryproductsiorthesimplct

case. nitromethane.

Some interesting observations can be made from the data in

Table Vi. Forexample. withtheCoOCH,’ iontheonlyseoonhry

reaction observed is (23). which involves displacemt of CH,O.

'I'hissupportstheoonclasiondrewnl‘romtheClDrmultsthattl'l

specie has a Co(H)(CH,O)+ structure.

CoOCH,’ + CH,NO, -. Co(H)(CH,NO¢)’+ CH30 (23)

 

(JflAllnlumalcalatadfromdataobtainsdiarelJOeaoeptflCo—O)

-I1t4hal/mdwhiehwaeoha‘medfrun0rimleyetal.aad5m~ual.:

(IIGrimley. ll.T.: Damion; laghramM. G. J. Cheetfbvs. In“.

4|”.(blSm54Naedy. E; VadmAmMIhLDn-art.)

MlJoeHCflnlelg "7101.45.
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C0’ and Cofli‘gmed).O Reactions with Nitroolkom

ltisalsointerestingthattheothermajornitrometlnneproducts

(CoO’ and CoOH‘) do not react with nitromethane to form

'nitrite-likc' rearrangement products. Other than reactions to

form CoOP’ and CoOHP’ (P - CH,N02). the only reactions

of these ions involve either the gain of H30 (loss of HCNO) or

thelossofl-l,0.0H.orO. Theseproductscouldresalt fromaa

initial insertion of CoOH’ and C00’ into the N-O bond of

nitromethane. Again.theloesofradicah.asoppoaodtostable

neutralmoleculerobervedinmanyofthesubsequentreactima

of the primary products.

Many of the subsequent reactions involve formal extraction of

O. OH. or H10 from nitrometlnne. Even the CoHP' ion (P I

CH,N0,) formed from reaction 23 rapidly reacts with nitro-

methane to form Cowl-DI”. The in Co(OH)P’ shoe-e frun

several other source and dominate the mass spectrum after

trappingtimeofabout l s. Thisionthenreactsawayslowlywith

thedorninantprocubeingtheloeofl-Ip. ThelmofOHfrm

all of the ions is less favorable than the loss of H10. while the

lossofOiscvenmoreunfavorablethanthelossofOI-I.

Collision-induced dissociation experiments were performed on

thetwomajorsecondary reaction productsofthenitromethane

rections. CoHP‘ and Co(OH)P'. For CoHP’. reactions 24—19

weraobservod. withreactioozodominatingatlowenergyand

rection Zedominatingathigherenergiea Rectial 27-29are

camtcnwm)‘ Co’ + cusuo; (24)
Ar

cm’ + CHsNOg (zsi

Coon‘ + cu,uo tzsi

Coao’ + cmo (27)

cocu.o' + no (as)

 

Carma; + on. (as)

only minor pathways at all energies. Although thee CID data

donotoonftrmastructurefortheion.theydoleaveopenthe

possibility that CoHP’ has a structure such as

CH,-(l2o’-NO

OH

Thisstructuieisalsocomistentwithtbefurtherrectionsofthe

CoHP‘ion(TableVI).whichimplythepreeaceofanOngtatp

in the ion.

Fathedisoc'mtitaiofthemjirascondsryp'oduQCdOi-DP'.

threeprodnctswereobeerved.asshowninreactionsJO-32. By

Av

coroniicmuogi’ eoou' + sumo; ism

 

Colouig’rotgno (31)

 
,__. Cucum’o ".0 (32)

farthedominantprodactatallenergieswesCoOI-l’Jndth'n

isanindicationofthestrengthoftheCo"-OH bond.

The subsequent reactions observed with nitroethane parallel

those discussed above for nitromethane (with the exception of

CoOH’. discussed below). The ion Co(OH)P’ (P I

CH,CH,NO,) is still dominant at trapping times around 1 e.

Other majorm are Col”. carton”. C0(C2HsNOz)P'. CoP1’.

Co(OH)P,’. and Co(NO)P’. At trapping time of S s and longe

Co(C,H.NO,)P,’ and CoP,‘ are essentially the only into preent.

The reactions of the ions CoCIH,’ and Common which do

not have analogues in the nitromethane reactions. are given in

(33) and (34). Reaction 35 gives the subsequent reactions of

Col-INO,’ which is only a minor product in the nitromethane

reactions.

For the CoOH’ ions formed from nitroethane and the large

nitroalkane. only approximately 20% of the secondary reaction

products can be obtained from N-O insertion similar to that

observed for the reaction ofCoOl-i’ with nitromethane. lrtstesd.

themjareactionpthway forthereactionofCoOH’ withlarp

1. Ant. Client. 8013.. Vol. [06. No. 2!. I984 6l33

90‘
Coczfls' i- cugcnzuo. _C Co?. + Call)

(33)

’°" car' i can

cam; + CNgCHaNOg '°‘ citatiw’ + cmo

I (34)

cotuow’ + CHgO

coma; i CH3CH1N0' w’ + mo.

Carats)? + no (as)

m‘ cotuoir’ + on

niuoalkaneistheformationofalkyliumappsrontlythereult

ofinsertionintotheC-Nbond. Theseionathenreactrapidly

flammmrmmummmmm

inreactionsloandl‘l. Inreaction36.theneutialsformedare

CoOl-I’ + CH,CH,NO, - c,ii,+ + CoHNO, (36)

cm; + Cit,cii,No, .. Cii,Cii,No,ii* + git. (31)

ootCoandHNO,sinoathisreectionwouldbe93kcal/mol

endothermic.” Due to the lack of heat of formation values. no

outer thermodynamic calarlations could be made regarding otur

possibleneutralloesproducts. TheionCoCH,’isalaoobserved

toreactwithlargernitiulkanetoformm'mrilyalkyliranwhile

severalotherionsdosotoalimitedextent.

Collision-induced dissou'ation experiments were carried out on

GOP and Co(OH)P‘ (P - nitroethane). For the cm of CoP’.

the two major products were CoOH' and Co’. while CoC,l-i,*.

CoNO‘. CoHNoz‘. and CoCJLO’ were minor products. This

formatiaiofCoOH’againindietethestrengthoftheCo‘fii-l

bond. WhiletheCIDspects-umprovidelittledef'tnitivestructural

information. the fragments do resemble the primary reaction

productsofCo’withnitioethane. ClepectrsodeOmP'from

nitroethane yield the major products Co(OH),’ and

Co(OH),(NO)’ and the minor products Co’. CoNO’. Co-

(C,H,)(OH)’. CoCI-l,‘. CoOH’. CoHN03‘. CoC3H,O’.

CoCfi-LNOf. 3“ Col”.

Thefurthermactionsoftheprimaryproductsofthenitro-

propane and nitrobutane reactions with the neutral are again

similartothoseobservedfornitromethane. Thesememajor

rectirstchannelsoocur. CIDexpei-imentsonsecoiuaryionsfrom

nitropropane gave an assortment of products similar to those in

the nitroethane CID experiments.

Ligand Effects. Table VII lists the products observed for the

reactions of the electron-impact fragments of Co(CO),NO with

theseriesofnitroalkaneand l-butyl nitrite. The requ in Table

VII can be evaluated in a number of ways to supply information

concerning 'ligand effects'. These include (l) identification of

change in the chemistry of a metal water when one ligand is

added (i.e.. compare the chemistry of Co’ with CoL’). (2

identification of ‘verticsl trends' in the table (i.e.. mechanistic

change due to the number of ligands on the metal). and (3)

identificationof'horinnntal trenih'(i.e..clnngeinthechsmistry

relatedtoincieasesinthealkylchainlengthoftheorganic

reactant).

Camel Tree

S-INltroakaaei ‘I‘hereactiorisobservedfortheC.-C,

nitroalkane are typical for metal-containing ions. ML’. in their

chmrisu'y with monofunctional organic compounds in the following

ways: (I) The bare metal ion reacts to form the largest variety

of products.‘ (2) The organic rearrangement processes observed

for CoCO+ are similar to those observed for Co‘."~“~" (3) In

directoontrestwiththecarbonyl ligandanNOliganddeocrm

the metal ccnter'“"" (note that no products are observed for

 

(J!)Calcahssdfr_theeeeh-n'elwohaindlnrd30ad

32.
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CoNO’exeptwith l-butyl m'trite). (4)Asthernmbrrofliganlh

preset on the metal ion increase. ligand-substitution rectious

te.‘ In substitution proceses. nitroalkane displace two

erbonyls from Co(CO),NO’. while l-butyl nitrite displace up

to three carbonyls. The implications is that D(Co‘-RONO) >

D(Co’-RNO,).

Large Nltrealane. In contrast to the smaller nitroalkane.

the larger nitroalkane react with Col...‘ not only by substitution

but by bond cleavage procese. In this trend. butyl nitrite bond

cleavage/rearrangements occur for all CoL.’ ions. even Co-

(CO),_,NO’. Such reactivity is typically observed for multi-

functional organic molecule."”-"

Alus‘horizoutaltreud' canbeseeu. Asthelengthofthe

alkyl chainincreases (C. -° C.). more reactions involving C-C

insertions(intermediate II)areobaerved. Previousworhsuggets

tht the probability of reactions involving intermediate I should

begretefaseerssdaryandtertiarynitrmlhnethanforprinnry

nitroalkane." ThisisappareutlythecaseasshowuinTable

V and VII.

The rections d'nessed in this work tend to involve interme-

fiteinwhichtwoorbitalsarerequirts‘lonthemetal(e.g..reeim

2|) or reactions which require three orbitals on the metal (e.g..

reactionslandZZ). Itisnosurpisetlmtsuchreactionprodues

d'napperwhenligandsareaddedtothemetal. Rectionsre-

quiringthreemetalorbitalsoccurforCo’. insomecasefor

CoCO‘. andrarely fwtheahermeal-cmttain'mgspecieinTafle

VII. Rections requiring two orbitals on the metal (as opposd

to three orbitals) seem to dominate (in addition to substitutitm

rectioe)whentheresctantmetalcetehstwoemoreligamh

preeut. as would be expected.

Nitrepopane. There are many similaritie in the reactions

obserwdforCo’andCoCO‘withnitr'opr'opaneandsomemaje

difleutceaswell. TheproductsCol-INO,’ (ImofCJ-luhrough

intermediate I) and CoC,I-I10’ are formed from both Co’ and

CoCO’. Both Co’sndCoCO‘iruertintoC—C bondszhowever.

CoCO‘ prefeentially attach the C,I-I,-CH,NO, bend. Followir'

this'insertion. Co’ loses the C, fragment while CoCO’ retains

the C, fragment. This may imply active participation in the

rectimbythscarbonylgrmplethngnnttoatypenhnermdate

buttotheCoCO’insertionintemediateshownin(38).' There

ML ._.__.....
Co-CNgNOg

ce"
“

I get? (so)
on ’x

,n “cut

areanumberofpoeibleasutrallese.(CH,NO,+l-l)or

(CH,NO,+H9. whichwouldgeneratethebutadieue-lihsmetal

emnplex. Thumel‘feadtheCOligandapperstobeanactive

involvementoftheligandinthsreaction.‘

Inmestease.COisnotinvolvedintheresctiondirectlybut

appentobea‘specntor'mthsmeal." Evenspectatorligarfi

caninflueuce product distributions.incasewhere cleavageof

theM’-C0bondcompetewithpoceeeinvolvingelimimtioe

fromtheorganicspecie. Anexampleofthisisseeninthecass

of 2-uitropropane The Co+ ionreactstoform CoC,l-I,O’by

eliminationofNOandI-I, ThisrectionalsooccursforCoCO";

howeve.theeapperstobetwopoeibleproc~efollowingNO

el'uninaticu: loeofl-I,fromC,l-I»Oorloeof00fremthemeal.

IntheeseofCoCO‘withz-niu-opropaneJheleeofNOfolloaed

by theloss ofCO (to form CoC3H10’) predominate; howeve.

II, vs. CO eliminations frequently apper to be competitive

processe.

Nimbus... Theoutstanding featureinTahleVIIregardir'

the uitrobutane is the Vertical trends'-i.e.. change in the

chemistryofthemetalenteuthenuntberofligandsonthe

msmlieeeseJepr-tiehrfor 2-nitrohutaneand2-msthyl-2-

aitroprepaae.

ooco’ + comic. -

Corrody er al.

For Z-nitrobutane. the predominant reaction intermediate

change as the number of ligands increase. Co’ rects through

intermediates I. II. IV. and E. With one or two carbonyls present

on the metal. reacrions are observed via intermediate analogous

to I. II. and E; CoCONO' only induce organic bond cleavage

through an intermediate analogous to II. Note that only one C-C

bond is attacked by CoCONO’. This may correspond to attack

oftheweahest bond (sincein thecorreponding alltane. isopentane.

the weaket C-C bond“ is the C,H;—C,H, bond). Preumably.

therearenotasufl'icient numberoforbitalsavailableonthemetal

following C-C insertion of CoCONO’ to assist in a 6-H shift;

thus. Call,- is lost. Similar studie with amine show analogous

reults.

The Z-methyl-Z-nitropropane reactions also show a variety (1

interesting change as the number of ligands increase. Inter-

mediate structured. II. III. and E led to the products observed

for 2-methyl-2-nitropropne. Structure II and Ill predominate

when more ligands are preent on the metal (e.g.. Co(CO){).

Insertion into the C-NO, bond (structure I) appears to be in-

hibited due to steric effects of the ligands present on the metal

and the bulky 2-methylo2-propyl group. Thus. the remaining

options for the metal are insertion only into bonds such as C-C

andC-I-I. TheloeofH(frunC—I~I insertion)ismoreprominent

when the number of ligands preent on the metalion increase.

The reaction of Co(CO),NO‘ produce CoCONO(NO,)* with

alrnofOOandCJ-I, AtfusLonemayprcdictaCo’insertioa

into the C-N bond (structure I) as the intermediate. This in-

termediate is not possible for several reasons. The cobalt ion

already has three ligands present. which doe not leve enough

emptymetalorbitalsformetalinsetiontooccur. Iftheinsertion

did occur. there are many Mrs available to shift and produce

a strong HNO, ligand. No products. however. are observed

reulting from a 6-H shift. A possible intermediate structure

leading to the product ion CoCONO(NO,_)* is shown in the

structure below

i’” i T°
OolCOhflo' + +uo, - cu,—¢l:—c—(':.’_co ..

CH: N0:

cucuuuoumt’

The mggeted iota-nudists careptmds to inertia of the CoCO'

group into the C-NO, bond of the nitroalkane. In this inter-

mediatethereareuol-Iatomswhiehareonacarbon whichisd

tothemetalthatcouldshifttoproducethe HNO, ligand. Also.

there are no empty orbitals on the metal to assist in any rear-

rangementofthemolecule. 'I'huatheonlypreductionobseved

is CoCONO(NO,)’ with the loss of C.I-I,CO as one ligand.

In summary. several typical ligand effects have been observed

inrectirmsofnitroalhane. Productswhichrequirethreeormore

enptyorbitalsouthemetalareseeutoberepresedordisapper

as the number of ligands on the metal increse. Reactions oc-

atrringatbranchedsitearefavoredoveunbranchedsite. Steic

effects were oberved with 2-methyl-2-nitmpmpane when liganth

were added to the metal ion. Intermediate in which the ligands

must be actively involved in the insertion are seen. Also. when

aligandispreentonthemetahseveraloptionsforreaction

meehauiams(suchascompetition between lossofCOand "2)

are available.

O (2th (39)
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Appendix C

ICR Studies of Trimethylaluminum

The following manuscript is a study of the mass spectra of

trimethylaluminum. This study resulted from an attempt to examine the

Ziegler-Natta catalysts for olefin polymerization81 in which both

trimethylaluminum (Al(CH3)3) and titanium chloride (TiCl4) were admitted

into the ICR. The active bimetallic species formed by ion/molecule reactions

could then be studied by admitting a series of olefins into the ICR.

The Al(CH3)3/TiCl4 mixture did result in a large variety of bimetallic

ions. No” double resonance responses, however, were- observed for these ions,

suggesting that they must result from neutral-neutral reactions of

trimethylaluminum with titanium chloride. A new inlet system was designed

and constructed for the ICR in an attempt to keep the two gases separated

until they were near the ICR cell. Double resonance responses were still not

observed with the new inlet system. These same results for the Al(CH3)3/TiCl4

mixture were reported later by Staley et. al.82 The use of Fourier transform

mass spectrometry and ion ejection techniques may facilitate the study of

the Ziegler-Natta catalysts.

The previous mass spectral studies of trimethylaluminum have suggested

the presence of associated species in the gas phase (dimer, trimer, etc.). The '

ICR mass spectra and the ion/molecule reactions observed suggest that

trimethylaluminum exists as a monomer only at low pressures as described

in the following manuscript. Metal ion chemical ionization was also utilized

in an attempt to determine the molecular weight of the species present. Triple

quadrupole mass spectrometry (TQMS) was employed to obtain collision induced

111
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dissociation (CID) spectra of several ions present in the mass spectrum of

trimethylaluminum.
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ABSTRACT

The mass spectra of trimethylaluminum at various pressures are reported

using ion cyclotron resonance (ICR) mass spectrometry. Ions indicative of

the presence of the dimer are observed at higher pressures. Double resonance

results, however, indicate that these ions are formed from ion/molecule

reactions of fragment ions of the monomer with the neutral trimethylaluminum

monomer. Evidence is also presented for the possible presence of the neutral

dimer at higher pressures. The use of metal-containing ions as chemical

ionization reagent ions is utilized in an attempt to determine the molecular

weight of the species present in gas phase trimethylaluminum. Comparison

of the results presented here with previous studies suggests a process in which

trimethylaluminum is present as a dimer in solution, but vaporizes as a monomer

with the possibility of dimerization occurring in the gas phase.

INTRODUCTION
 

Alkyl aluminum compounds have been the subject of a variety of studies

because of the possibility of the existence of the molecule as a dimer due

to the electron deficient nature of aluminum, and also because of their

importance in the industrial Ziegler-Natta polymerization catalystsl. Early

studies to determine the molecular weight of trimethylaluminum (A1(CH3)3)

cryoscopically in benzene showed that the molecular weight corresponds to

that of the dimer, A12(CH3)6293. The molecular weight of gaseous

trimethylaluminum has been studied by Laubengayer et. al.4 using vapor pressure

and density measurements. These results suggest that trimethylaluminum

is a dimer in the gas phase at 70°C and a pressure of 135 mm. The apparent

. molecular weight appeared to decrease, however, as the temperature was

increased. This same effect has been observed more recently by Henrickson

et. al.5 at a pressure of 30 mm.
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Several temperature studies have been performed to determine the extent

of association of trimethylaluminum. Almenningen et. al.6 reported that,

at 215°C and 30 mm., trimethylaluminum exists as 9896 monomer. O'Brien

et.al.7, using Raman spectroscopy, reported that trimethylaluminum exists

primarily as the dimer at 70°C, but at 260°C and 1 atmosphere the dimer

species is n_ot_ detectable. The bonding in the trimethylaluminum dimer has

been found to be relatively weak («40.2 kcal/mole per Al-CH3-Al bridge, or

20.4 kcal/mole for the dimer)4 which may explain the dissociation to the

monomer at high temperature. A more recent study by House8 estimates

that trimethylaluminum is approximately 72% associated in the vapor phase.

Thus, there appears to be an equilibrium between the monomer and dimer

in the gas phase.

The structure of the trimethylaluminum dimer has been studied by infrared9

and Raman7 spectroscopies, electron diffractions, X-ray diffractionlo‘lz,

and 27A] nuclear quadrupole resonance13 in order to determine the structure

and type of bridge-bonding in the trimethylaluminum dimer. Results from

the early studies suggested the presence of H-bridging from the methyl groups,

suggesting two structures with binding of the carbon through two hydrogens

to the aluminum (structure 92 or through one hydrogen (structure 3)”. More

recent results indicate that the three bonds to the hydrogens on the bridging

carbon atom are tetrahedral and are symmetrical with respect to a vector

directed to the center of the dimer”. Therefore, little or no bonding occurs '

between the bonding methyl hydrogen and the aluminum atom. This leads

to the more accepted structure of A12(CH3)6 (structure Q) which consists of

two methyl bridges.
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Mass spectrometry has been utilized to study the ionization and subsequent

dissociation of methyl-substituted metal compounds. The first mass

spectrometric study of trimethylaluminum was performed by Winters and Kiser15

in 1967. This study was performed with the inlet at room temperature and

the source temperature at 190°C with 70 eV electron impact (source pressure

was not reported). The results are summarized in Table 1. The majority of

the ions observed appear to result from the dissociation of trimethylaluminum

monomer through simple bond cleavage processes (e.g., loss of CH3-). Several

rearrangement ions are also observed ([Ale]+ and [AIHCH3]+). The dimer

ion, [A12(CH3)6]+, was po_t observed, however, a small quantity of the ion

[A12(CH3)5]+ (0.296 of the [Al(CH3)2]+ base peak) was observed suggesting

the existence of dimeric species. The effect of electron energy on the mass

spectrum of trimethylaluminum was also reported indicating an increase in

the monomer molecular ion at low energy but no additional evidence for the

existence of the dimer ion.

Chambers et. al16 reported the mass spectrum of trimethylaluminum

at source temperatures between 40°C and 200°C. Table 1 lists the reported

spectra at 45°C and 195°C. Two ions indicative of the presence of a dimer

were reported ([A12(CH3)3]"' and [A12(CH3)5]+) which were abundant at 40°C

but diminished rapidly with an increase in the source temperature. This behavior
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Table 1. Previously reported mass spectra of trimethylaluminum (% rel. int.)

  

Tanakn & .

Ion Possible Winters and Chambers and Come-:15 Smith"

M Composition Risen-15 45-500C 195°C 60-10000

12 [C]+ 0.03 0.12 0.1

13 [CH]+ 0.15 0.17 0.5

14 [CH2]+ 0.48 0.48 1.3

15 [0113]+ 21.3 2.17 3.92 8.0

16 [CH4]*’ 1.74 3.98 9.7

26 [02112]+ 0.28 0.19

27 [A1]+,[C2H3]+ 36.5 12.96 , 18.99 10.5

28 [AIH]+,[CZH4]+ ' 1.04 0.91 1.2

29 [A1H2]+,[C2H5]+ 2.3 1.85 1.67 1.5

30 [A1H3]+.[C2H5]+ 0.2

41 [AICH2]+.[C3H5]+ 1.0 0.89 1.16

42 much)“,[03116]+ 6.3 5.63 8.04 5.6

43 [A1CH3H1+.103H7]+ 3.4 4.63 5.40 2.7

56 [AIC2H5]+,IC4H31+ 2.68 1.76

57 [A1(CH3)2]+ 100.0 100.0 100.0 100.0

72 [Al(CI-I3)3]"' 4.9 9.13 7.1 8.0

99 [A12(CH3)3]+ 0.82 0.06

102 [A12(CH3)3H3]+ 0.2

115 [A12(CH3)4H1+ 0.2

129 [A12(CH3)5]+ 0.2 4.42 0.22 0.005

145 [A13(CH3)4H4]+ 0.2

203 [A14(CH3)5H5]+ 0.2
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is analogous to that observed in the vapor phase studies described previously

and is presumably due to thermal dissociation prior to ionization.

Tanaka and Smith17 also studied the mass spectra of bridge-bonded

aluminum compounds including trimethylaluminum. Their reported mass

spectrum of trimethylaluminum at a source temperature of 60 to 100°C is

included in Table 1. The ions with m/z > 72 (indicative of dimers) are of low

relative intensity (< 0.296 rel. int.) and their sum is < 196 relative intensity.

This is in contrast to other dimeric species (AlCl3, A‘lCH3C12, and A1(CH3)ZCI)

whose mass spectra were also reported. In these dimeric species, ions indicative

of the presence of the dimer are intense (> 5096 of the base peak). In the mass

spectrum of trimethylaluminum, however, the [A12(CH3)5]+ ion is only 0.00596

of the base peak. Ions which could be fragment ions resulting from

rearrangement of the dimer, [A12(CH3)3H3]+ and [A12(CH3)4H]+, are also

observed in low abundance (0.296 rel. int.). Ions containing three and four

aluminum atoms are also observed ([A13(CH3)4H4]+ and [A14(CH3)6H5]+) but

were believed to be a function of the source pressure suggesting the possibility

that ion/molecule reactions account for these higher mass ions. Note that

none of the species above m/z 72 could be assigned to simple fragmentation

of the dimer, but probably contained Al-H bonds from rearrangement processes.

The results from Tanaka and Smith17 indicate that the methyl bridge

is either extremely weak or susceptible to electron impact, since when more

than one aluminum is found it appears to be held together by H-bridges due ‘

to the presence of Al-H bonds rather than methyl bridges. This may suggest

that while structure 3 is the probable structure for A12(CH3)6, structure '1,

or ’2' may be more likely for the dimer ion, [A12(CH3)6]+.

Ion cyclotron resonance (ICR) mass spectrometry18 is a powerful technique

for the study of bimolecular gas—phase ion/molecule reactions. Precursors
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of ion/molecule reaction products may be determined using ion cyclotron double

resonance techniquesls. ICR seems especially applicable to the study of the

mass spectrum of trimethylaluminum since the entire ICR cell is operated

at ambient temperature (i.e., the greatest amount of dimer should be present).

This study utilizes ICR to study the ion/molecule reactions observed in

trimethylaluminum which may lead to an understanding of the presence of

the higher mass ions observed in the previous studies. A previous study of

trimethylaluminum using ICR by Staley et. al.19 reports the presence of only

one ion/molecule reaction product ([A12(CH3)5]+) from the reaction of

[Al(CH3)2]+ and [Al(CH3)3]+ with (presumably) the monomer. No ions indicative

of the presence of the dimer were reported. This study also utilizes

metal-containing ions as chemical ionization (CI) reagent ions in ICRZO'22

in an attempt to obtain molecular weight information on the species present

in gas phase trimethylaluminum (i.e., monomer or dimer). Collision induced

dissociation (CID) was performed on several ions present in the mass spectrum

of trimethylaluminum using triple quadrupole mass spectrometry (TQMS) in

an attempt to obtain structural information on these ions.

EXPERIMENTAL
 

The ion/mOIecule reactions were studied in an ion cyclotron resonance

(ICR) mass spectrometer of conventional design (used in the "drift mode" with

a marginal oscillator detector) which was constructed at Michigan State

University and is described elsewhere”. Pressures were measured with a ‘

Veeco RG 1000 ionization guage. Spectra were recorded from m/z 10 to 300.

The trimethylaluminum and tricarbonylnitrosylcobalt(0) were purchased

from Alfa Products and were used as supplied except for multiple

freeze-pump-thaw cycles to remove noncondensible gases. The

trimethylaluminum was sampled from the vapor above a reservoir of liquid
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trimethylaluminum present on the inlet at room temperature. The vapor was

admitted to the ICR through a Varian 951-5106 precision leak valve. The metal

ion chemical ionization study was performed with a 3:1 mixture of Co(CO)3NO

and A1(CH3)3 at a total pressure of 4 x 10'6 torr.

Collison induced dissociation (CID) experiments were performed on an

Extranuclear triple quadrupole mass spectrometer (ELQ 400-3). Electron impact

fragment ions and possible ion/molecule reaction products were formed in

the El ion source. Pressures were measured with an ionization guage located

outside the source in the source housing. Parent ions of interest were mass

selected by the first quadrupole and accelerated into the second quadrupole.

(the CID chamber). The collision gas was argon (typical pressure was 3 x 10'3

torr). Collision energies ranged from 10 to 30 eV (lab). The products of collision

induced processes were then mass analyzed by scanning the third mass filter.

RESULTS AND DISCUSSION
 

ICR Studies

The normalized ICR mass spectra (70 eV) obtained at six different pressures

ranging from 5.0 x 10‘7 torr to 1.2 x 10‘5 torr are listed in Table 2. The obvious

difference between the ICR spectra and the previously reported mass spectra

(Table 1) is the lack of alkyl fragments (m/z 12 to 16) in the ICR mass spectra.

These alkyl fragments were observed initiially in the ICR studies, but following

several flushings of the inlet with trimethylaluminum these fragments were

no longer observed. This suggests that the alkyl fragments which are observed

may be due to water which is present in the inlet, since trimethylaluminum

reacts with water to produce CH4-. Also, the intensities of the alkyl fragments

in the previous studies are quite similar to the ion intensities in the electron

impact mass spectrum of 011424. It should be noted, however, that the

sensitivity of ICR is lower at small m/z values which may account for the
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Table 2. ICR mass spectra of trimethylaluminum at various pressures (% rel. int.).

Pressure (torr)

m/z Probable Ion 5.01110“7 1.8111045 4.0111043 6.0111043 7.5111043 1.21110-5
 

27 [All+ 7.0 15.5 15.6 12.3 10.6 9.6

28 [21111]+ 2.8 2.3 1.1

29 [A1H2]+ 3.1 4.5 2.9 1.0 1.0 0.7

41 [1110112]+ 1.6 1.1 0.8

42 [AICH3]+ 4.5 3.6 3.3 2.0 1.9 1.1

43 [AICH3H]+ 2.8 2.0 1.7 1.3 0.7 0.7

57 [A1(CH3)2]+ 100.0 100.0 100.0 100.0 100.0 100.0

72 [A1(CH3)3]+ 9.7 7.0 3.9 3.2 2.9 1.5

102 [A12(CH3)3H3]+ 0.6 0.8

113 [A12(CH3)3CH2]+ 0.3 0.6 0.9 0.9

115 [A12(CH3)4H1+ 1.1 1.3 1.0 1.3 0.7

129 [A12(CH3)5]+ 1.6 7.9 12.7 23.1 27.3 37.2

131 [A13(CH3)3H5]+ 0.5 0.7 0.9 1.1

145 [A13(CH3)4H4]+ 0.3 0.4

149 [A14(CH3)2H11]"' 0.4 0.6 1.2

171 [1113(0113)5]+ 0.4 0.5 0.6 0.6

173 [A13(CH3)5H2]+ 0.3 0.4 0.6 0.8

187 [Al3(CH3)7H]+ 0.5 0.5 0.7 0.9

or [Al4(CH3)5H4]+

203 [A14(CH3)6H5]+ 0.4 0.6 0.8 1.3

219 [0114(0113)7H¢;]+ 0.2 0.5 0.9
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absence of these ions.

At 5.0 x 10'7 torr, only one ion is observed above m/z 72 (molecular ion

of the monomer). As the pressure is increased, however, up to twelve ions

are observed over m/z 72. Several of these ions are identical to those observed-

in previous studies. Double resonance experiments were performed to determine

if these ions resulted from ion/molecule reactions or from electron impact

on the associated species. These experiments indicate that all of the ion

intensities observed larger than m/z 72 result from ion/molecule reactions,

thus suggesting the absence of the associated species at these experimental

conditions.

The majority of the probable ion structures listed in Table 2 are suggested

by the reaction of the precursor ions (which are determined in the double

resonance experiments) with the monomeric species, A1(CH3)3. The majority

of these structures follow the trend which was observed by Tanaka and Smith”

in which the number of constituents on the aluminum atoms is 3n-l, where

n is the number of aluminum atoms (e.g., [A12(CH;;)5]+ and [A13(CH3)6H2]+).

The ion [AI(CH3)2]+ was found to react with (presumably) the monomer

to yield the ion/molecule reaction products at m/z 102, 113, 115, and 129 as

shown in reactions 1 through 4.

[A1(CH3)21+ + A1(CH3)3 -... [14.12(0113)3113]+ (m/z 102) + 02113 (1)

_y [A12(CH3)3CH2]+(m/z 113) + CH4 (2)

*[A12(CH3)4H]+(m/z 115) + CH2 (3)

L, [A12(CH3)5]+ (m/z 129) (4) 

The product ion [A12(CH3)5]+ is also formed from the reaction of [Al(Cl*I;3)3]+

as reported previously19 in reaction 5.
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[Al(CH3)3]+ + Al(CH3)3 ——-)> [A12(CH3)5]+ (m/z 129) + CH3' (5)

Double resonance experiments indicate that [A1(CH3)2]+ is the only

precursor for the formation of the product ions at m/z 131 and 145. The

empirical formula for the m/z 131 product ion could be [A12(CH3)5H2]+, but

this structure is improbable since there would be more than three ligands per

aluminum atom. A more probable structure for m/z 131 is [A13(CH3)3H5]"’

(which follows the "3n—1" rule) which must be formed from the reaction of

[AI(CH3)2]+ with the dimer, A12(CH3)6, as shown in reaction 6.

[A1(CH3)2]+ + A12(CH3)6 —1-»[A13(CH3)3H5]+ (m/z 131) + 5 CH2 (6)

Note that a more thermodynamically fovorable process for the loss of 5 CH2

radicals may be the loss of the neutrals ethylene and propene. The structure

of the m/z 145 product ion MEG. have three aluminum atoms present. This

suggests once again the reaction of [A1(CH3)2]+ with the dimer as shown in

reaction 7.

[A1(CH3)2]+ + A12(CH3)5 —-1-—[A13(CH3)4H41+(m/z145) + 4 CH2 (7)

This product ion could also be formed by a secondary reaction of [A12(C113)5]+

(m/z 129) with the monomer as shown in reaction 8, but 73 double resonance '

response was observed at m/z 129 for the m/z 145 product ion.

[A12(CH3)5]+ + A1(CH3)3 ——>[A13(CH3)4H4]+(m/z 145) + 4 CH2 (8)

Several of the primary product ions were Observed to react further with
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the trimethylaluminum. The product ion [A12(CI~13)4I-l]+ (m/z 115) reacts further

with the monomer to yield the product ions at m/z 171, 173, and 187 as shown

in reactions 9 to 11.

[1312(0113)4H1+ + A1(CH3)3 [A13(CH3)61+(m/z 171) + CH4 (9)

[A13(CH3)6H21+(m/z 173) + 0112(10)

[A13(CH3)7H]+ (m/z 187) (11)

The m/z 131 product ion ([A13(CH3)3H5]+) reacts further with the monomer

to yield the product ions at m/z 187 and 203 as shown in reactions 12 and 13.

[A13(CHg)3Hs]+ + Al(CH3)3 t [Al4(CH3)5H4]+(m/z 187) + CH4 (12)

[Al4(CH3)6H5]+ (m/z 203) (13)

Note that the m/z 187 product ion apparently has two different structures,

[A13(CH3)7H]+ and [Al4(CH3)5H4]+, as seen in reactions 11 and 12, respectively.

The most intense product ion formed, [A12(CH;;)5]+ (m/z 129), also reacts

further to yield product ions at m/z 149 and 219. These apparently are due

to the reaction with the dimer as shown in reactions 14 and 15.

[A12(CH3)5]+ + A12(CH3)6 [:[A14(CH3)2H111+ (m/z 149) + {7 CH2 + 2 CH} (14)

[A14(CH3)7H6]+ (m/z 219) + {2 CH2 + 2 CH} (15)

Note that all of the product ions which presumably result from reactions of

the dimeric species, A12(CH3)6, are of relatively small intensity and are observed

only at higher pressures. This may suggest a pressure dependence on the amount

of dimer present in gas phase trimethylaluminum. The frequent loss of CH2
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radicals and formation of Al-H bonds in the observed ion/molecule reactions

suggests the presence of H-bridges (structure '1') in these ions.

In summary, the ion/molecule reactions observed in this study indicate

that the ions above m/z 72 which were observed in the previous mass spectral

studies may have been due to ion/molecule reactions occurring in the source

of the mass spectrometer. Several ion/molecule reactions are observed,

however, which do indicate the possibility of the presence of the dimeric species,

A12(CH3)6, at higher pressures. The structures predicted for the ion/molecule

reaction products agree with the generalization made by Tanaka and Smith17

concerning the presence of H-bridges (structuresql and '2') when more than

one aluminum atom is present.

The differences in the mass spectra of trimethylaluminum reported in

previous studies and here suggests that sample handling may be an important

aspect in acquiring mass spectra of these type of compounds. For example,

the amount of alkyl fragment ions varies widely among the reported spectra

which may result from water present in the inlet. In this study, an evacuated

bulb containing liquid trimethylaluminum was placed on the inlet. The first

mass spectra obtained contained large amounts of alkyl ions (possibly due to

the presence of water) and (presumably) dimeric ions above m/z 72. The

intensity of these higher mass ions, however, quickly disappeared. This suggests

a process in which trimethylaluminum exists as a dimer in solution, but vaporizes

as a monomer with the possibility of dimerization in the gas phase. If the ‘

monomer molecules in the gas phase are present at high enough pressures and

for a long enough period of time, it is possible for a monomer/dimer equilibration

to occur. This type of process is consistent with both the vapor pressure and

mass spectral studies of trimethylaluminum. The mass spectra of the monomer

may therefore be obtained by pumping the monomer through the mass
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spectrometer as they are formed by vaporization of the liquid and by maintaining

a low pressure of trimethylaluminum in the mass spectrometer (attainable

in ICR but possibly not in conventional MS sources).

Metal Ion CI

The use of metal and metal-containing ions formed by electron impact

on metal carbonyls, M(C0)n, as chemical ionization (CI) reagent ions has been

suggested previouslyzo‘zz. The ion/molecule reactions between the metal

and metal-containing ions and the analyte may provide both molecular weight

and structural information. Molecular weight information is obtained from

the reaction of metal-containing ions, [M(C0)x]+, with the analyte molecule

(P) as shown in reaction 16.

[M(C0)x]"’ + P ——)>[M(C0)x.aP]"' + aCO (16)

The neutral molecule P may displace carbonyl ligands which are present on

the reactant metal ion. The determination of the product ions and their

precursors (using double resonance techniques) can yield information on the

molecular weight of the neutral reactant P.

The reactions of metal-containing ions formed by 70 eV electron impact

ionization on Co(C0)3NO with trimethylaluminum were studied in the ICR

in an attempt to determine the molecular weight (and thus evidence for monomer

or dimer) of the species present. One ion/molecule reaction product from 1

the reaction of the bare metal, [Co]+, with trimethylaluminum was observed

at m/z 101 which corresponds to the loss of C2116 (reaction 17).

[Co]+ + Al(CH3)3 -—-)-[CoAlCI-I3]+ + C2116 (17)
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The predicted reaction of the monomer and dimer of trimethylaluminum

with [Co(CO)2]+, for example, would yield products indicative of displacement

of the monomer and dimer for one or two carbonyl ligands as shown in reactions

18 to 21.

[Co(Co)2]+ + Al(CH3)3 —[:[Co(co)A1(CH3)3]+(m/z 159) + CO (18)

[CoAl(CH3)3]+(m/z 131) + 2 C0 (19)

[Co(CO)2]+ + A12(CH3)5 —[: [Co(CO)A12(CH3)5]+ (m/z 231) + CO (20)

[CoA12(CH3)6]+(m/z 203) + 2 CC (21)

A lower limit on the ratio of dimer to monomer could be calculated from the

intensities of these product ions as shown in the equation below.

dimer 1([C0412(CH3)6]+) + I([Co(C0)A12(CH3)5]+)

monomer 1([CoAI(CH3)3]$) + I ([Co(CO)A1(CH3)3]+)

 

The observed reactions of the cobalt-containing ions with

trimethylaluminum are shown in reactions 22 to 27.

[Cocor‘ + Al(CH3)3 —1-»[CoA1(CH3)3]+(m/z 131) + C0 (22)

[Co(Co)2]+ + Al(CH3)3 —’ [Co(CO)A1(CH3)3]+(m/z 159) + co (23)

[Coconor’ + Al(CH3)3 —a~[Co(No)A1(CH3)3]+(mn/z 161) + C0 (24)

[Co(CO)2NO]"’ + A1(CH3)3 [Co(N0)A1(CH3)3]+(m/z 161) + 2 co (25)

‘EICOCONOAI(CH3)3]+ (m/z 189) + co (26)

[Co(C0)3No]+ + Al(CH3)3 —>[CoCONOAl(CH3)3]+ (m/z 189) + 2 co (27)

The monomer, AI(CH3)3, is seen to displace one or two carbonyl ligands from

the metal—containing reactant ion. _lig product ions were observed which would
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indicate the presence of the dimer, A12(CH3)6 (reaction 20 or 21).

These results suggest that trimethylaluminum exists only as a monomer

in the gas phase at these conditions. It is possible, however, that the dimer

may dissociate upon complexation to the metal ion (due to the relatively low

dissociation energy) which would prevent the formation of products indicative

of the dimer during metal ion chemical ionization.

Collision Induced Dissociation Studies

The collision induced dissociation (CID) spectra for the major ions present

in the mass spectrum of trimethylaluminum were obtained using a triple

quadrupole mass spectrometer (TQMS). A typical 70 eV electron impact mass

spectrum of trimethylaluminum (4.0 x 10'5 torr) obtained with the TQMS is

listed in Table 3. The TQMS mass spectrum is in good agreement with the

ICR spectra and the previously reported spectra.

Daughter ion (CID) spectra were obtained for ions of m/z 42, 57, 72, and

129. Daughter scans of the other ions were not possible due to the low intensity

of the parent ions. The CID of [AICH3]+ (m/z 42) yielded m/z 27 (11411”)

corresponding to a loss of 15 (CH3-) as shown in reaction 28.

[AICH3]+-—é-r-> [Al]"' + CH3- (28)

Daughter ions at m/z 27 ([Al]+) and m/z 42 ([A1CH3]+) (loss of one or two methyl

groups) were observed in the CID spectrum of [AI(CH3)2]+ (m/z 57) as shown I

in reactions 29 and 30.

[A1(CH3)2]+ £1: [A1CH3]+ + CH3° (29)

[1111+ + 2 CH3- (30)

The molecular ion of the monomer, [Al(CH3)3]+ (m/z 72), undergoes CID to
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Table 3. Typical 70 eV El mass spectrum of trimethylaluminum

 

obtained on the TQMS.

m/z %rel. int.

27 17.2

28 0.6

29 0.2

42 4.3

43 1.1

57 100.0

72 2.8

99 1.0

113 0.6

129 21.5

145 0.6

149 0.4

203 0.3
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yield [A1(CH3)2]+ (m/z 57) (reaction 31) but no [AlCH3]+ (m/z 42) (loss of two

methyl groups) is observed.

[41(c113)31+ A” [A1(CH3)2]+ + CH3- (31)-

The last ion studied was m/z 129 which was proposed to be [A12(CH3)5]+

from the ICR studies. This ion undergoes CID to yield m/z 57 ([A1(CH3)2]+)

at low collision energies (~10 eV). At higher collision energies («30 eV), a

small amount of [AICH3]+ is also observed. These processes are shown in

reactions 32 and 33.

[A12(CH3)5]+ A” - )[A1(CH3)2]+‘+ Al(CH3)3 (32)

L-D[A1CH3]+ + A1(CH3)3 + CH3° (33)

 

Reaction 32 is not unexpected since the previously reported value of D(Al-C-Al)

= 10.2 kcal/mole4 is relatively small. '

All of the CID processes observed for the ions studied here appear to

result from the simple cleavage of the Al-CH3 bonds and the relatively weak

bridging Al-C-Al bonds in the [A12(CH3)5]+ dimer ion.
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APPENDIX D



Appendix D

Unsuccessful ICR Studies

Nickel—Containing Anions

In addition to the study of the ion/molecule reactions of iron, chromium,

and cobalt—containing anions with polar organic molecules, an attempt was

made to study the ion/molecule reactions of nickel-containing anions. The

only anion present in the 70 eV electron impact mass spectrum of Ni(CO)4

is the l7-electron species Ni(CO)3‘. This ion was unreactive with the organic

molecules studied in this dissertation. Low energy electron impact, which

was found to be useful in the iron, chromium, and cobalt studies, does not

form a sufficient amount of Ni(CO)2" to allow the study of its ion/molecule

reactions. Another nickel-containing compound, Ni(PF3)4, was utilized in

an attempt to form nickel-containing non-17 electrom species. The major

anions present in the mass spectrum of Ni(PF3)4, however, are

fluorine-containing fragments such as PF3‘, PF2' etc. (presumably due to

the high electron affinity of fluorine). Nickel-containing anions formed from

electron impact on Ni(PF3)4 are of relatively low abundance.

Isomer Analysis Using Metal Ion Chemical Ionization

A study was attempted in which metal and metal-containing positive ions

were utilized as chemical ionization (CI) reagent ions to distinguish between

two pairs of isomers: cis- and trans-1,2-dichloroethylene and cis- and

trans-1,2-cyclohexanediol. The 70 eV electron impact fragment ions from

Co(CO)3NO, Fe(CO)5, and Cr(CO)5 were used in this study. It was believed

that the differences in the ion/molecule reactions observed between the metal

species and the two isomers would provide structural information indicating

132
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the type of isomer present. For example, Co+ has been observed to abstract

two chlorine atoms from 1,2-dichloroethane to form CoC12+ 25. This product

ion may also be expected in the reaction of cis-l,2-dichloroethylene but may

not be expected for the trans—1,2-dichloroethylene isomer due to the spatial

separation of the chlorine atoms. The ion/molecule reactions observed between

the metal ions and the dichloroethylene and cyclohexanediol isomers were

nearly identical. No differences were observed in the ion/molecule reactions

of the isomers which might provide structural information.

Studies of Ligand Effects in Metal Ion/Molecule Reactions

The study of ligand effects on metal ion reactivity (metal species formed

by electron impact on MLle species) has been limited to the presence of

carbonyl ligands (from M(C0)n) and. nitrosyl ligands (from Co(CO)3NO). This

study was initiated in an attempt to determine the effects of the presence

of ligands other than CO and NO on metal ion reactivity. These

metal-containing ions were reacted with several n-alkanes, n-alcohols, and

primary amines to compare the ion/molecule reactions observed with those

previously reported with M+ and MCO+.

The ion/molecule reactions of nickel-containing ions from electron impact

on Ni(PF3)4 are similar to those observed for Ni+ and Ni(CO)x+, i.e., the PF3

ligands were either "spectators" in the ion/molecule reaction or were lost

in a ligand substitution process similar to CO loss with Ni(CO)x+. No product

ions were observed in which the PF3 ligand changed the reactivity of the metal

ion (i.e., no evidence for active participation of the PF3 ligand).

Chromyl chloride, CrOZClg, was also utilized since a variety of metal

species are formed during electron impact (e.g., CrO+, CrCl", CrOCl+ etc.).

The major difficulty in the study of Chromyl chloride is the presence of

neutral-neutral reaction products with the organic molecules due to the extreme
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reactivity of Chromyl chloride. The use of Fourier transform mass spectrometry

and ion ejection techniques would make the study of the ion/molecule reactions

of these ions possible.

Tungsten carbonyl (W(CO)6) is unique in that a large amount of WC+ is

formed during 70 eV electron impact. This allows the possible study of the

effect of the C ligand. No ion/molecule reactions, however, were observed

from WC+ with the organic molecules studied here.
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