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ABSTRACT

GAS PHASE TRANSITION METAL ION CHEMISTRY

By

Sunkwei Huang

Catalysis attracts tremendously broad interest and con-
stitutes an important research field for chemists. Although
there are a plethora of papers being published to probe the
catalytic behavior of surfaces and homogeneous organometallic
complexes, the behavior of a single metal center is usually
not well understood due to the complications of ligand
electronic effects (for the former) and solvent effects (for
the latter).

Recently, Muetterties et al. have reported studies on
metal clusters in an attempt to build a conceptual bridge
between molecular and solid state chemistry. However, all
of these fields have suffered from a lack of sufficient
thermochemical and structural information and are still
inevitably somewhat speculative in nature. Gas phase transi-
tion metal ion/molecule reactions help to provide answers to

the following questions:



1. How do metal centers react with molecules in the absence
of solvent molecules?
2. What factors control these reactions?
3. How can we apply these answers to obtain a better under-
standing and control of macroscopic synthetic systems?
In this dissertation, the chemistries of ions such as
Fe+, Cr+, and Ni+ (containing multiple numbers of CO
ligands) with multifunctional organic molecules are report-
ed. Mechanistic effects, 1igand effects, the differences
in chemistries of these metal ions and their reaction
mechanisms with ethers and polyethers will be discussed.
Also, a unique "double insertion, double BR-H shift" mechan-
ism is proposed to explain the results of these metal ion
reactions with cyclic polyethers.
Since the reaction products we have observed in this
ICR study are mass spectrometric peaks, the assignment of
ion structures sometimes ambiguous, although some techniques
such as double resonance, CID, and the use of labelled com-
pounds can provide some useful information. Ab initio
calculations can provide much information such as energy
levels of various electronic states, orbital occupancies,
etc. The structure of CrCH2+ is given as an example to

elucidate the use of this technique.
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A. THE TECHNIQUE - ION CYCLOTRON RESONANCE SPECTROSCOPY

1. Introduction

Ion Cyclotron Resonance (ICR) Spectrometry is a
type of mass spectrometry especially designed for the study
of ion-molecule reactions in the gas phase. ICR experiments
provide a variety of chemical information such as acidity,
basicity, heats of information, bond strengths, proton

affinities and all types of information related to the

chemical reaction].

There are quite a few reviews available on this techni-

que]'g. ICR is based on the dynamics of charged particles

in electric and magnetic fie]dsg. The detection system con-

10,11 or frequency sweep

14

sists of a marginal oscillator (M.0)

12,13 The basic

detector with phase sensitive detection
principle of ICR will be discussed.

2. The ICR Experiment

A block diagram of an ICR spectrometer is shown
in Figure 1. Figure 2 shows a detailed view of the three
section ICR cell which is, in our laboratory, 0.88" x 0.88"
X 6.25". The source is 2.00" long, analyzer region is
3.75" long and the collector is 0.50" long.

The cell is placed between the poles of an electromagnet.
It is housed in a stainless steel vacuum chamber which can

7

be evacuated to a pressure of 1.0 x 10° " torr.
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Figure 1.
Block Diagram Of ICR Spectrometer For
Single Resonance Experiment

The cell, situated in the magnetic field as shown in
Figure 2, consists of an ion source, analyzer and collector.
The electrons are emitted from a rhenium wire located outside
of the cell by operating the electron energy and emission
control as shown in Figure 1. Emitted electrons follow
magnetic field lines, forming a collimated beam which crosses
the cell are collected by a collector located on the opposite
side of the cell, and are detected as emission current. The
emission controller then regulates the emission current with
a feedback circuit to provide a constant emission current.
The electron current control can be used to adjust emission

current (u A) and electron energy (0 to -100 eV bias).
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The ICR Cell

Once ions are produced by electron impact, they will
N
move circularly in a uniform magnetic field B with angular

frequency of

w, = E% (radians/sec) (1)

where m is the mass of the ion and c¢ is the speed of 1light.
Then, by applying a voltage E across the drivt plates

of the ICR, the ions will be "drifted" down to the analyzer

section where the M.0. detector is set to one specific fre-

quency (for instance 153 KHz) with a drift velocity (va) of




E
Vg = F (2)

One can then scan the magnetic field to bring ions hav-
ing different angular frequencies due to different masses
according to equation (1) to be at resonance with the mar-
ginal oscillator. The ions can be detected as the power
drop due to the power absorption from the LC resonant
circuit of the M.O.lo’]].

Data in this dissertation were obtained under normal
drift-mode conditions using trapping voltage modulation and
phase sensitive detection (See Appendix A for detailed hard-
ware description). The marginal oscillator detector is
based on the design of Warnick, Anders and Sharp]]. In this
technique, ions are produced in the source by an electron
beam with 70 eV electrons. In the presence of a magnetic
field, ions move in a circular orbit in the XY plane. To
prevent ions from drifting to plates 2 and 4 in the Z direc-
tion, a trapping potential is applied to these plates (V
trap > 0 for positive ions, < 0 for negative ions), which
creates a potential well near the center of the cell to
trap the ions.

By applying a voltage difference E across the top and
bottom plates which are called drift plates (#1,3,5,6), the
ions experience an E X E force, drifting toward the analyzer

where the top and bottom plates (5, 6) form the capacitive

element of the tank circuit of the marginal oscillator




detector (See Appendix B). When ions move with a cyclotron
frequency equal to the natural frequency of the tank circuit,
they will absorb power from it and are detected. The S/N
(signal to noise ratio) of the detector output is greatly
enhanced by use of a lock-in amp]ifier]4. The reference
wave for the lock-in amplifier is provided by a function
generator, at a frequency of 25 Hz. To effectively improve
S/N, the signal output of the marginal oscillator must be
modulated at this frequency. This is done by using the same
25 Hz square wave to modulate the signal out of the cell,
which can be easily accomplished by modulating the voltage
on one trapping plate (e.g. plate 4) as shown in Figure 3.
This modulates the presence of ions to be detected in the
cell. 1If plate 2 is (+), and plate 4 is modulating, when

4 is (+), cations are trapped and when 4 is (-), all ions
are swept out of the cell. As a result, the rf level of the
marginal oscillator varies at the modulating frequency, and
forms a 25 Hz modulated signal output to be processed by the
Tock-in amplifier.

Usually, the marginal oscillator is operated at a
frequency of ~ 153 KHz (“M.O) for convenience (see Appendix
C). The magnetic field is varied (0-18 KG) so the cyclotron
frequencies (wc) of all ions present also vary. When w_ of

c
an ion matches wy . Power is absorbed and the ion is

detected.
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Figure 4 shows typical ICR spectra of Cr(CO)s, p-dio-
xane and a 1:1 mixture (in pressure) of Cr(CO)6 and p-
dioxane.

5 torr, a sufficient

At high pressures, e.g. 1 x 10"
number of ion-neutral collisions occur to produce ion-mole-
cule reaction products. To umambiguously identify reaction
sequences, an ion cyclotron double resonance (CDR) experi-
ment is performed7’]5.

Consider the reaction sequence:

+

A"+ N— Bt + M (3)

B + N —— ¢t + L (4)

where BY can be formed from many different precursors (A:)

in addition to A*. Also, A* can be a precursor forming
different product ions (B:) in addition to BY. If the magne-
tic field is set to monitor B+ (B+ is in resonance with the
M.0.) without scanning the magnetic field, another radio
frequency signal can be introduced into the ICR cell so that

A* can gain power and be ejected. When this occurs, the
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intensity of BY decreases. By scanning the frequency we
applied to the cell, we can eject all possible precursors
A: forming B* to get this "double resonance" response.

Remember

at constant B, wa = constant, therefore

It is then predictable at which frequency ratio the inten-
sity of BY will decrease to indicate a unique reactant:

product pair, since

and wg = 153 KHz

Figure 5 shows a typical double resonance spectrum.

In earlier ICDR experiments8

» the second oscillator was
introduced in the analyzer region (on plates #5,6). This can
lead to serious interference problems between this oscillator
and the marginal oscillator which is also coupled to these
plates. If applied in the source region, stronger second
oscillating fields can be applied without affecting the mar-

ginal oscillator. Appendix D describes other alternatives.

3. ICR Facilities at Michigan State University

The ICR used in the experiments which will be discussed

was built at MSU.
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The filament emission controller and plate voltage con-
troller for the ICR cell were designed and constructed by
Dr. M. Raab and Dr. J. Allison in the Department of
Chemistry at MSU. The marginal Oscillator detector is based
on the design of Warnick, Anders and Sharp]]. A Wavetek
model 144 sweep generator is used as the secondary oscilla-
tor in ICDR experiments. The ICR cell is housed in a stain-
less steel vacuum system and is situated between the pole-
caps of a Varian 12" electromagnet (1.5" gap). The electro-
magnet is controlled by a Varian V-7800, 13 KW power supply
and Fiedial Mark I magnetic field regulator.

The instrument is pumped by a 4" diffusion pump with a
liquid nitrogen cold trap, and an Ultek 20 1/s ion pump
controlled by an Ultek 150 mA ion pump controller made by
Perkin-Elmer. The lock-in amplifier used to enhance S/N
is model 128 A, (0.5 Hz - 1000 KHz) from EG&G Princeton
Applied Research.

Samples are admitted from a dual inlet (separately
pumped by a 2" diffusion pump and liquid nitrogen cold trap)
by Varian 951-5106 precision leak valves. Approximate

pressures are measured using a Veeco RG 1000 ionization

guage.

4. Interpretation of Experimental Data

Data were acquired in the following manner. High and

5

Tow pressure (1 x 10”7 torr vs. 1 x 1070 torr) spectra of

each compound were taken, and ion-molecule reaction products
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in either "metal carbonyl" or "organic molecule only"
experiments were determined. The "extra" peaks observed in
the mixture were taken as ion-molecule reaction products
formed in 1:1 or 1:2 mixtures (in pressure) of metal car-
bonyl to organic, at a total pressure of 1 x 10-5 torr as
shown in Figure 4. A1l the product ions were then studied
to unambiguously identify the precursor ions by the ICDR
technique. The following points should be considered in
the interpretation of ICR experiments.

a. Ions are produced with thermal velocities, since
the ions are trapped by small trapping voltages. Fast ions
will not be trapped and thus do not react with neutral
molecules in these experiments.

The application of drift voltages only increases
jon velocities by 10%. This contrasts with conventional
mass spectrometers in which ion extraction from ion sources
requires strong electric fields, accelerating ions to some
keV energies.

b. Ions have relatively long residence times in the
analyzer region. Residence times of milliseconds or more
enable the observation of gas phase ion-molecule reactions.
This contrasts with microsecond intervals in conventional
mass spectrometers.

c. Low pressure experiments yield mass spectra with
fragments experiencing no collisions. Table 1 shows the

re lationship between collisional parameters and pressure.
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Appendix E shows how to calculate the Langevin collision
rate, collision frequency and time between collisions.

d. At higher pressure, gas phase ion-molecule reac-
tions are observed. From these, (1) kinetic studies can
be performed; (2) double resonance can be used to identify
reaction sequences; (3) branching ratios can be calculated.
(Appendix F)

e. Various thermochemical quantities can be deduced
from observed ion-molecule reactions. Upper and lower
1imits on heats of formation of charged and neutral species,
and limits on bond strengths can be deduced. It is assumed
that processes which are observed must be exothermic or

thermoneutral.

Table 1. Collisional Parameters As Functions

of Pressure For Co' Reaction With Et,0

Time Between Collisions
Pressure Number Density Neutral-Neutral? Ion-Mo1ecu1eb

torr mo]ecules/cm3 sec. sec.

1072 3.24 x 104 1.68 x 1072 2.67 x 1078
1073 3.24 x 1013 1.68 x 1074 2.67 x 10°°
1074 3.24 x 10'2 1.68 x 1073 2.67 x 1074
10°° 3.24 x 10V} 1.68 x 1072 2.67 x 1073
1076 3.24 x 1010 1.68 x 107 2.67 x 1072
10°7 3.24 x 10° 1.68 2.67 x 107
a. Time between collisions': Z;] = J/mkt / 4/?62p

b. o(Et.0) = 8.78 x 10°2% cm3, K = 1.154 x 10°2 em3/mote-

culeg, see Appendix E.
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For example,

Fet + O — Fe(C2H60)+ + CH,

. B 18
since CZHSOCZHS _— CZH50H + C2H4 AH = 16.8 kcal/mole
theref p(re* (O—CH‘)J 16.8 kcal/mol

erefore e - . 2Hg > . cal/mole,
H

for the overall reaction to be exothermic.

f. Since most ion-molecule reactions occur with a rate
that is within an order of magnitude of their pre exponential
factor, ~ 1 «x 10-10 cm3 molecule”! sec'], it is assumed that
they occur with essentially no activation energy. This

follows from the Arrhenius equation

k(T) = A e(-Ea/RT)

-1 10

where A is on the order of ]010] mo]']sec , namely 10~
cm3m01ecu1e']sec'] for bimolecular gas phase reactions.
g. In the absence of solvent, all of the energy of

observed reactions must be accounted for by the products.
Since we are assuming gas phase reactions are exothermic,
the product ions formed must be more stable with respect to
the reactants. In contrast, the energy can be dissipated
through solvent molecules surrounding the product ions in
solution. Because of this, there is rarely a single product
in an ion molecule reaction (P* + N — I+*). Bonds are

+*

usually broken and I+* fragments. At higher pressures, I

can be stabilized by collisions, which is then called an
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*
"addition product” (Pt + 2N — 1™ + N — 1t + NT).
h. For some endothermic reactions, the energy barrier
can be overcome by raising the kinetic energy of a

reactant]g.



THE CHEMISTRY



B. THE CHEMISTRY

1. Purpose of Research In Gas Phase Organometallic

Chemistry.

The work which will be described in this text deals
with the gas phase chemistry of a number of metal- and
metal-containing ions with various neutral organic sub-
strates. The purposes of studying gas phase organometallic

chemistry include the following:

a. Gas phase results are used in kinetic theorieszo'Z].

b. Gas phase reactions can be used to model condensed
phase chemistry.
Catalysis draws tremendously broad interests and consti-
tutes an important research field for chemists. Although
there are a plethora of papers being published to probe the

catalytic behavior observed in surface chemistry and homo-

23

geneous organometallic complexs® , it is not well understood

what occurs at a metal center due to the complication of

ligand electronic effects3] for the former and solvent

effects for the 1atter24. On the other hand, researchers

in heterogeneous metal cata]ysis25 studies claimed that metal

26,27

clusters play an important role in catalysts , which

28,29 and can be used as an

interface between molecular and solid state chemistry27.

agrees with ab initio studies

Moreover metal-carbon double and triple bonds are frequently
proposed in mechanisms for such reactions30. However, all

these fields have suffered from a lack of sufficient

15
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thermochemical and structural information and are still
inevitably somewhat speculative in nature. Building blocks
of this nature allows the facile correlation of vast amounts
of chemical data. Gas phase metal-ion/molecule reactions
can serve this purpose. Other processes in organometallic
chemistry whose gas phase ionic chemistry parallels can be
readily studied are:

1) Hot atom chemistry32

2) Atmospheric chemistry33

3) Matrix isolation studies32:34

4) Metal catalysis chemistry

5) Organometallic chemistry and the solution chemistry
of metal complexes (e.g. ligand substitution

reactions)

c. The study of reactivity trends
Gas phase ion-molecule reactions allow the investigator

to study chemical dynamics and chemical events in the absence

5

of solvent complications. At operating pressure (1077 ~ 1078

torr) used in mass spectrometric techniques such as ICR and

35 experiments, single collision events (the basic

ion beam
unit of chemical reactions) can be studied, namely two
species come together to react and separate as products. In
this work, reactants are metal ions (M+),_meta1-containing
ions (ML;) and organic neutrals (A). By varying M, L, and
the structure of A, we can study how metal ions react, and

what factors affect their reactivity, and thereby
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characterize the mechanisms of such reactions.
d. Gas phase chemistry is suggestive of condensed
phase processes
The results from gas phase chemical studies are often
suggestive of condensed phase experiments. Recently,

36 have demonstrated an intriguing

Kametani and Fukumoto
technique called "retro mass spectral synthesis". Fragmen-
tation of a compound on electron impact in a mass spectro-
meter is frequently very similar to chemical degradation
reactions39. For example, cyclohexene decomposes to give
butadiene and ethylene. This compound fragments on electron
impact to give C4H6+ and C2H4. Cyclohexene can also be
synthesized by butadiene and ethylene by a Diels-Alder reac-
tion. Mass spectral fragmentations frequently, therefore,
parallel synthetic pathways as well as degradation pathways.
Kametani and Fukumoto have used this observation to develop
new synthetic pathways for a number of natural productssG.

There are many ion-molecule reactions in the gas phase
having condensed phase ana]ogs37’38. Similarly, the nature
of the bonding of organic molecules on metals can be under-
stood from this work, which can be used to examine what has
been proposed, for example, in methathesis30.

e. Thermodynamics

Although reaction rates can theoretically provide an
understanding of the effects of structure on reactivity in

organometallic reactions, most observed reactions can be
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understood in terms of thermodynamics. In other words, bond-
strengths can be reflected in the reactivity as a driving
force to initiate the reaction. Limits on heats of forma-
tion of various complexes, and limits on bondstrengths can
also be obtained. Limits on D(ML:-A) where A is an alkyl
group, hydrogen atom, halogen atom, oxygen atom, alkoxy
group, or various m and n-donor bases can also be obtained.

For example, consider the reactions:
cr(co),” + O — Cr(Et,0)" + 2C0
cr(c0);* + O —4 Cr(Et,0)7 + 3C0

we found that D(Cr+-200's) = 66.2 kcal/mole and D(Cr+-3CO's)
= 87.7 kcal/mole, therefore, we conclude that 66.2 kcal/mole

< D(Cr+-Et20) < 87.7 kcal/mole.

f. The study of mechanisms of organometallic reactions

Since organic molecules contain alkyl groups, the
interaction of a metal center and an alkyl group is very
important. The following mechanisms are found useful to
explain reactions observed in the gas phase:

1. B-Elimination. This process involves the shift of

a B-H atom from the alkyl group onto the meta140'42.
+ + CHZ
M-CHZ-CHR = HM-- ”

\«H CHR
43

The relative stabilities of dialkyl compounds °,

CHy ~ pHCH, v (CH3)3CCH2 >> N-C3H,,

3
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N-C4H9 > C2H5 > t-C4H9 > i-C3H7, shows the parallel to
carbonium ion stabilities.

2. Reductive Elimination. This is a pathway for metal-

carbon cleavage with B-atom migration40’44 e.g.

D
| +
+T--C6H5 —> MH + C6H50

H

+ +
(CH3)3AuPPh3 _— CH3AuPPh3 + C2H6.

Other mechanisms proposed in catalytic studies40’45

have not been used in gas phase organometallic reactions
yet.

The organometallic literature since 1960 has shown that
the thermodynamics of bonding in organometallic compounds
is of interest, however relatively few actual bondstrengths
have been measured. This can be done in gas phase reactions
as described in b.

Table 2 summarizes the metal-ligand dissociation
energies obtained from ion beam studies by J.L. Beauchamp,
which will be of great use in interpretation of results in
this thesis.

g. Li+ use has been demonstrated as a mass chemical

197

reagent . It gives simple spectra, easy to inter-

pret.
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Table 2. Summary of Metal-Ligand Bond

Dissociation Energiesa. (kcal/mo1)

R cr*-R Mn*-R Fef-R  cof-R  Nif-R
H 35+4 53+3 58+5 52+4 43+2
CHy 3747 > 48 68+4 61+4 48+5
CH, 657 94+7 9645 85+7 86+6
0 7745 57+3 68+3 65+3 45+4

a. Data were taken from ion bean studies by J.L. Beau-
champ 94-97

2. Historical Review of Transition Metal Ion Chemistry

From its birth through the mid 1960s, most of the appli-
cations of mass spectrometry have involved organic compounds.
In the past two decades, however, applications have been
extended into inorganic chemistry. Mass spectrometry is now
commonly used to provide molecular weights and formulae of
inorganic and organometallic compounds. Many thermodynamic
data were obtained from this field. There are quite a few
specific areas of interest in the general area of gas phase
metal ion reactions:

a. Fragmentation Studies. (Unimolecular reactions)

Early work was devoted to investigations of the ionization

52

potentials of organometallic compounds™“, their fragmentation

patterns, and how these are affected by ligand553. Other
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extensive studies of fragmentation patterns in main group

organometal]icsso’s4 55

50

» metal carbonyls™ , polynuclear metal

56,57

carbonyls and coordination compounds have been re-

ported. A typical fragmentation following electron impact

is illustrated be]ow58: +

+ //OCH3 + 9
Cr — C Cr--CCH3

CH

A 4

+
_ Cr‘---OCH3 + H,C=CH.

Most of this early work was done on volatile organometallic

59 252

compounds, but, field desorption cf

60

, and recently

61 62

, laser desorption
63

plasma desorption s secondary ion and

fast atom bombardment techniques have made possible mass
spectrometric studies on nonvolatile compounds and even
ionic substances such as saltssg.

In addition, chemical ionization mass spectrometry (CIMS)
studies have also been performed with organometé]]ic com-

pounds. Examples are CIMS (using CH4) of sandwich com-
64,65 65

65

pounds ,» metal hexcarbonyls ~, cyclopentadienyl metal

64

halides ~, and arene metal carbonyls .

b. Photochemical Studies. The photodecomposition path-
66

ways of several metal carbonyl anions =~ such Ni(CO)3' and
Co(C0)4' and cations67 have yielded useful thermochemical
data on metal carbonyl fragments, such as heats of formation

and average bond energies as shown in Table III.



Table 3 . Heats Of Furmation and average Bond Energies Of The

positive ions from Fe(OO)s And Ni(30)y _

photoionization 2 H? (:v) Average bond
threshold(ev) energies
Fe(00) 5 D[Fe-(w)S]:l.ZSiO.OBev
Fe(C0)d 7.08%0.01 0.374 0.02 D[Fe-(m)5}=1.23:o.o3ev
Fe(C0)y, 8.77%0.1 2.3110.1 g
F‘e(OO); 9.87% 0.1 4,5510.1 |
Fe(00)} 10.68%0.1 6.51% 0.1 5
Fe cot 11.53%0.1 8.51% 0.1
ret 14.03%0.1 12.35%0.1
Ni(00), D{Ni-(00),)=1.53¢0.03ev
Ni(c0); 8.32%0.01 2.07 % 0.02 D(Ni-(00),)=1.3620.03ev
Ni(OO); 8.77% 0.02 3.58+0.02
Ni(oo); 10.10%0.1 6.1410.1
Nico" 11.65% 0.1 8.84%0,1
nit 13.75% 0.1 12,094 0.1

+
a, The assumed processes are M((X))x + hv—)(m(co)x_n}q.n;}o

22
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c. Gas Phase Ion-Molecule Reaction Chemistry in

Organometallic Systems.

(i) Metal and Metal Containing Ion-Molecule

Reaction with Organometallic Compounds. The formation of

ions of the type MZ(CO): from ion-molecule reactions in

metal carbonyls have been reported for the group VI hexa-
55,68. Fe(C0)567'7]

72

carbonyls and the negative ion chemistry

of Ni, Fe and Cr carbonyls (with accompanying loss of 1

or 2 CO groups) as follows:

— FeZ(C0)7+ + CO
Fe(CO); + Fe(C0)g —

+

Ni(CO); + Ni(C0)4 _ NiZ(CO)g + CO
Fe(CO)s + Fe(CO)5 _— Fez(co)é + 2C0
Cr(€0), + Cr(C0)g ——— Cr,(C0)g + 2C0
Cr(CO); + Cr‘(CO)6 _— Cr(CO)g + 3C0

Further reactions to produce tri-iron carbonyl ions
(Fe3(CO);), and the formation of ions up to Fe4(C0)TZ were

also observed. From these studies and ligand substitution

70 with a series of n- and w-donor bases, proton

70,72

studies

of metal carbonyls and bond energ‘ies70

affinities (PA)
can also be obtained. For example, P.A. (Fe(CO)s) = 204 +

3 kcal/mole; D [H-Fe(CO);] = 23 + 10 kcal/mole.
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73

Also, the gas phase ion chemistry of ferrocene and

74

nickelocene have been reported. Predominant features

are charge transfer processes and the formation of a bimetal-

. +
lic complex M2(C5H5)3, e.g.

Fe* + Fe(C.H,) ——> Fe + Fe(CcHg)b

5572 5572

+ +
FeCsH5 + Fe(CsHs)2 —_— FeC5H5 + Fe(C5H5)2

+ +
FeC5H5 + Fe(C5H5)2 _— FeZ(C5H5)3

Also, "triple decker sandwich" complexes were reported

75,76

for these compounds From these studies, the proton

affinity of Ni(C5H5)2 was reported to be 218.9 + 1.0 kcal/

mo]e74.

Muller also reported the gas phase ion chemistry of
other sandwich compounds such as dibenzene chromium68'77.
He has also studied the chemistry of w- and n-donor bases
with ions formed from electron impact on C5H5CrC6H6,
CHgMNCeHg s CoHg ,'8.

In addition, the ion-molecule reactions in

C5H5V(C0)47, C5H5Mn(C0)379 and CSHSCr(CO)zNOBB

VC7H7, and C5H5CrC7H

have also
been studied by Miuller. The ionic chemistry in mixtures of

C5H5Mn(c0)3 with PF3, AsF3, SbF3 and SF4 was reported by
79

Muller and Fender1’”?. The ion-molecule chemistry of

CpNiNO(Cp = CSHS) and the chemistry of its ions with n- and

m-donor bases were also reportedgo’al. From this study, a
+

series of CpNi-B relative bondstrengths were determineds].
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(ii) Metal and Metal Containing Ion-Molecule

Reactions with Organic Neutral Compounds. J. Muller has

studied the chemistry of metal-containing ions with hydro-

77,80

carbons , in which H2 loss with simultaneous formation

of a new complex is observed:

CpN1N0 [::j —_— CerE::j + NO + H2
-H +

CpCo > 2‘ 2% CpCo(:::}

CpN1 [:::j>————+ Cle---m

CH
i+ ()=, i () s b |
CH

H2 loss processes parallel the normal electron impact frag-

mentation mode for similar organometallic compoundsss, e.g.

*

e + -2C0
(C0)3Fp —_ (C0)3Fp ——> Fe CO

O" O™ O

J.L. Beauchamp has studied the gas phase chemistry of

82

CpNi+ with alkyl halides and found that the reduction of

alkyl halides (RX) by CpNi' to olefins and HX is similar to

that observed for Li+83.
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H X
CpNi+ + )v———f\-—————a CpNi+---‘)( + HX
Decarbonylation of aldehydes was also observed82:

— CpNiCcOt + RH

cpNit + RCHO —
L— cpNirRHY + cO

The energy profile for this process is shown in Fig. 6.
Deoxygenation of acetone by metal-containing ions have
also been reported78:
+

+
CeHeV™ + 0 = C(CH,)p —

+
—_—> VO(CH3)2 + C.H

66

Recently, J. Allison and D.P. Ridge have studied the
transition metal ions of iron, cobalt, and nickel with polar
organic molecules and found that these transition metal ions

484,85

always insert into a polar bon and is followed by a

B-H atom shift (Scheme I):

Scheme I.
( co, O )
Fet & CDLCH,T —> |CDCH,-Fet-T &= || 2--FeXr —I5 CH,CD,Fe+ DI
372 3772 CH, 272
!
. cio M, .
Fe(CHDCD,) + HI ¢—||| ---Fe’=I & CH,DCD,-Fe-I
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This process is proposed to follow the reaction dia-

gram of intermediates shown in Figure 7.

N Mx + '
MY +RX +
MRY + x

Mf’---ll\ + HX

+ H
X-M——<i l
X—M*- §

Figure 7. Schematic Representation of The Potential Energy
Surface For The Reaction Of a Transition-Metal
Ion With An Alkyl Halide.

However, this mechanism does not operate for aminesBG:

Cot +  DNH, —%— Co' + NH,

+
(—— Co(C3H7N ) + Hy

L—s Co(C,HgN ¥+ CH,

+ +
Co™ + C,H NH, —%— Co(C,H, )" + NH,

——  Co(C,HgN Yo+ H,

+
—_— CO(CH3N ) + CH,
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Ion-molecule reactions of iron with ketones and ethers87
follow a similar mechanism to that of in Scheme I and is

shown in Scheme II.

Scheme II.

0 o _Fe
. > d
e 7
N 7~ N\
o3 CD, CH., cog CD,CH,
0
0 +
+ N
[cn3—r-'e—c —cn2c33] [cn 3/c Fe CDZGHBJ
B-H
R-alkyl .
Shift lshlft
+ -CH.,CD.CD
[@3—1;‘3 —_— 377273 Fe Q0 0 %c—p e+— ?'Dz
CD,CH4 @; H CH
A-H
it -cvzy/ l-%cm
0 cD
cD 3 + + 2
. | —Fe Fe — ||
H— Fie?— ) ibaﬂ_,mz;rg—co N CH,
CH,= CD, J CD; cH, H
CD.,CD. ) cnz
4CD,
l?e%—oo —&» —ﬁ‘e co—-—>H2—Fe—co
| shift
H J H ,CP
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Scheme II (cont’d)

+ N
0 (o ( 0
I il il
o c
¢ . @ oo, o, g N
Fe + | <IIH2 — || | €l—| / ~cD
7 CHZ\ /GHZ CHZ /
2‘0}12 | o J i \CHZ,CH2
B-H
shift
0 ) \
[ i [ @
CDZ/ N\ + CD/ \+/H

7~
\ / AL cHz J
+
Fe (0.0]
/7 \_m | 4
N L
|2
- CD.
Ch, . \M.r7%
CH—CH
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Scheme II (cont’d)

+
Fe
P& + 0 0 0
N +
- (7 | (e
-H
o l'{ shift
Nt
// -H

HO H
H
e 0
a N _7
) 0
/H--Fe* H
+
Fe

Hence, Fe+ inserts into a carbonyl-carbon bond or a C-0
bond in its reaction with ketones and ethers respectively
and form a metalcyclic intermediate in its reaction with
cyclic ketones and ethers. This is followed by a B-H shift,

similar to that in Scheme I.
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The study of the gas phase chemistry of titanium ions

88, and a1kenes89

with haloalkanes has also been reported,
e.g.

Tit + RX —> TiXt + R X = C1, Br, I

L RrY + Tic1 R = CCl4, CFCI,,

Me,CH, CHC1,

2

Tic1‘3‘ + RCI — 5 Y+ TicY

cnqt . gt .
TiCl + CH3T1C'I3 _— CH3T1C12 + TiCl

3 4
CHaTiCT, + CoH, ——— CgHgTiCly + TicCl,
CHyTiCT, + C,D, —B5%, CoH TiCT, + HD
CHaTiCl, + CyMg ——— C,H,TICI, + H,
TiCly  + CgH ——— C4HgTiCl, + HCI

Note that titanium has only four valance sites. TiCI;
reacts with C3H6 by eliminating HC1 to give C3 5T1 Clz, pro-
bably being a resonance stabilized a]lyl-TiC]z cation (I) as

shown below:

H\“ \s\‘".
cllu,Ti"' c H 01,% +/ \
e T S

C:..
H’ flh.. H

(1)
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CH3T1'+C]2 reacts with CZD4’ 85% of the reaction pro-
ceeds by HD elimination. This suggests a mechanism
(Scheme III), in which, after association with the Ti cation
center, the CZD4 inserts into Ti— C bond of CH3TiC1; as

would occur in the polymerization of ethylene.
Scheme III.

C1 C1 CH

..+ , _ + 3
/T'l —_ CH3 + C204 —_ /Tl — (ZD2 _
¢l e 7
C02
¥ H H
CH3 C1 .\gx
.+ \ »/,”'

cos N
f’ Non o, _— T1kf/ C—D + HD
c1 cD; ol ,/C/
“D

The resulting species undergoes unimolecular decomposi-
tion because it is unable to dispose of its excess internal
energy in this gas phase bimolecular process. Consequently,
1,2-elimination of HD across the B-and y-carbons gives the
a]]y]-TiC12+ cation (I) and does not react further. To .be
effective, mediation of reactivity of CH3T1'C]2+ by solvent,
the nearby presence of a counterion and another molecule
such as A]Me3 as in Ziegler-Natta catalysts are apparently
necessary.

J. Allison and D.P. Ridge have also reported the chemi-

90

stry of titanium containing ions with alkenes and oxygen-

91

containing organic compounds and reported the following
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trends:
1. Ti%, Tic1" eliminate nH, with olefins (n > 1).
2. TiC]Z, TiC]; eliminate HC1 with olefins containing
a carbon chain of < 5 carbon atoms.
3. TiCly, TiCl eliminate small olefins from olefins

containing a carbon chain of > 6 carbon atoms.
Scheme IV shows these processes.

Scheme 1IV.

-2H,
it o+ ‘\{:T\ —> Ti+---:1[:\l -—————————>Ti:I:::>
Y* _2H
Ticl o+ ———e’LITi+--- : anit
L -T'————) 1 ~
/

-3H,
N c1Ti+(:::]
Ticly + ] — c1,mit :B + HCI
+ +
TiCly + >=_- —> Cl,Ti + HC
- H
6. © .L C/
c1 g AN
~7i - ////' H CH2 \ CH2
c1-- / c — Tit + C,H
H ,
Cl / \\ C1 Kl
Ho CHg a1 b ¢
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Scheme IV (cont'd)

H_ © G H
~ /
c—-¢C NG
H/i@" 0\ //H ’ l+4
el L T+ C3Hg
ot H o N I
- H
c1 H H
N,/
o ¢
_C=H
CHy

For oxygen-containing organic compounds, the following

trends were reported:
1. Ti+, TiCl+ deoxygenate aldehydes and ketones.
2. TiCly, TiCl3 eliminate HC1 with small aldehydes

and ketones.

3. T1C12+, TiClg eliminate small olefins from aldehydes

and ketones containing > 4-carbon chains.

Scheme V shows reactions representative of these processes:

Scheme V.
+ 0 .+
Tim + M~ — Ti0+ CHyy

0 +
riatt + . — TiC10 + CgHyg
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Scheme V (cont'd)

- \

C1
| 0 ~to ;0
et st
T1013 + RCHZCR' —_ C]z) Q_ — C12T1——?:C-R + HC1
/ \
\ J
C1 C1 Cl
+ I I 4 + +
TiCl3 + RCHZCHZCR“——a C1-Ti " -C1 —> C1-Ti -C1 —> C1-Ti -C1

0") H OKH o‘/)/.,+
)l\% R R'/Jrk’l\k R'#\/\R
H

H

1
——— C1-Tit-C1 + 2R

Note that HC1 and olefin eliminations proceed through
a 6-membered ring intermediate with an a-hydrogen needed for
the former process and a B-hydrogen for the latter.

Ti* reactions with alkanes have also been studied92’93,

e.g.
— it . H,
Tit o+ )\ —
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Y
— C1T1‘H>/ + C2H6 + H2

. +
L TiClCcH g + 2H

Tiat + A~ —

2

Tit + Y+ 2w
i NN 1~uu)/ 2

In contrast, transition metal ion chemistries with

94-96

alkanes and a]kenes97 by ion beam studies were reported

by J.L. Beauchamp as shown in Scheme VI and VII.

Scheme VI.

- Co_ﬁ%  Co )l\__, Co —)k

- /
CH3-C0+ fn)anf;3
+>§ +
; - Co\27 —> Co C2H4 + CZH4
CO ALY
~—~ . +7 +

Co +
\\\S H\\
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Scheme VII.

Allyy,
Co+ +A/ \ —— Co+—u\/, 5@2;7 '
+ 9
H - C 0 — B —_— \ V\ +
. H/Co :j—9Co C4H6 + H2

/
Co® +/7 \ ————>Cot—41:
Cot + AN — cf/ja_]lﬂ’i) CO:H —_— \CoA/

carbon \j :i:
1

CoHg + C0C2H4+ — “‘COtQ

+
C2H4 + C0C3H6 —

Hence, Co” can insert into either a C-H bond or a C-C
bond followed by a B-H, B-methyl, allylic H, or allylic
alkyl shift. Note that 1-butene can be isomerized to cis-
2-butene and vice versa.

Copper, on the other hand, does not insert into carbon-
polar bonds in alkyl ha]idesgs, ketones and esters99

(similar to Li+ and Na+85) as is shown in Schemes VIII and

IX.
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Scheme VIII.

\__/ ‘ H !
Cu’ + — L+ —_— +
ANA H
?u

. / /ﬁj\ cp

cucl + > Hel---cu™ + = Het + 3=

Halide transfer dehydrochlorination

-

In order to determine if the two groups in an organic
molecule behave as one "new group", a study of cobalt with
bifunctional organic molecules is being performed in our

100

laboratory Some important results are summarized below:

1. In the case of adjacent functional groups, it can-
not be assumed that products indicative of each group will
be observed in reactions with gaseous metal ions.

2. All1 of the metal-containing ions derived from
Co(C0)3N0 exhibit a rich chemistry with bifunctional mole-
cules. Presumably, in cases where two groups can bond to
the metal, much more energy is released in the intermediate
complex than in the case of monofunctional molecules.

3. In the case of allyl amine, we do see strong evi-
-ence for insertion of Co' into the C-N bond in contrast

86

with regular amines , presumably driven by the strong inter-

action with allyl group.
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Scheme IX.

Rcﬂzﬁcnzcnzn'
|
Cu+ fu‘l' Cu+
D~ _ OH R ____« OH
ﬁ H ' r-s\CHZ lil {éﬂ'
acuz/ \c'n-xcnzn' chz/c Xa” ReH” l ~ cHH,
ﬁgcn' fu’
ca, | OH
2 ncn\’w;cacnz
H
o8 / 1
CR’ CH
cd-- -l cu..-| 2
CHR CH,
chz? R’
Jost
?|\ + | + . + ﬂ
LC _— “——Cu——?R — —¢
RCH OR’ ! H h,
}I{ 27 Ny l R~ Mg
c\f—?n'
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H
Co™ + +
© T N, — Co*— NH,

/

\\\\Nsh1ft

c----Co-———NH2

I

CH2 H

-NH3
+

CoC3H4

4. The lesser coordinated metal centers containing NO

are less reactive.

the Co(CO), 3No+ do.

into C3H4 and NH3, and eliminates NH3.

same, but retains the NH3.

cono?

For example, Co+

and CoCONO+ do not react, while
rearranges allyl amine
Co(CO);NO does the

Since NH3 retention requires the

presence of (C0's, and C3H4 can be eliminated without con-

current loss of CO, the ligand CO may be involved in the

reaction as follows:

co //CO co ﬁ
4 t
Lo NHpe o~ — MO cot— C—NH,
NO | H
¢tz
/
CH2

R-H shift

co 0
|, "

H
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5. The adjacent groups in bifunctional ketones never
react as one "new" functional group.

Hence, if two functional groups are in close proximity,
the possibilities exist in which an attacking metal ion
could (1) produce products indicative of both groups, (2)
preferentially react with one group over another, or (3)
react with both groups together as a new group.

The gas phase chemistry of metal and metal-containing
ions with multifunctional organic molecules is the main work
which will be discussed in this dissertation.

In conclusion, transition metal ions coordinate to the
n-donor (0, X, N) or m-donor (double bonds) groups of
organic molecules first. Then, they can either attract func-
tion groups (e.g. CpNI+) or polar atoms (e.g., V+, Cu+, Ti+)
from the organic molecules directly or insert into carbon-
polar bonds (e.g., Fe+, Co+, Ni+) or carbon-carbonyl bond
(e.g., Fe+, Co+, Ni+) followed by B-hydrogen shifts to get
corresponding products. Ti* and Cu+ are unique. They pre-
fer to retain oxygen and they do not insert into bonds,
presumably due to weak bonding to carbon. Instead, they
interact with heteroatoms strongly to direct energy for
inducing rearrangements, namely, it also acts as a mediator.

Obviously, the reactions depend on both the metal and
the organic molecule's structures and most of the experimen-

tal results can be explained in terms of bondstrengths and

thermodynamics which are involved.
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Large molecules with multifunctional groups are com-
plicated. In order to understand the gas phase chemistry
of metal and metal containing ions with multifunctional
organic compounds, we have to understand the configurational,
and conformational effects of multi-functional organic

compounds.

3. Multifunctional Molecules: The Macrocylic Effect

The chelate effect has long been known in coordination
chemistry to lead to increased stability of complexes. A
macrocyclic effect in which the stability of a copper com-
plex is additionally enchanced (10,000 more stable) by
coordination to a tetraamine macrocyclic ligand compared to
similar noncyclic tetraamine ligands has been reported]]3.
The macrocyclic effect of crown ethers such as 18-crown-6
has also been reported to decrease when the dielectric con-

]06. In the gas phase, in the

stant of the medium increases
absence of complicating solvent phenomena, an intrinsic
macrocyclic effect is observed, which will be discussed in
this text.

4., The Gas Phase Chemistry of Iron, Nickel and Chromium

Ions and Their CO Containing Ions with Linear Ethers,

Cyclic Ethers, Cyclic Polyethers and Crown Ethers.

Na+, K+, Mg+, and Ca+ play vital roles in biological

114,115, ]]6, many of which are not understood as yet.

systems
Because in vivo complexation and decomplexation of the con-

cerned cations take place essentially with macromolecular
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bimolecules, and in vitro systems the macromolecular

l'igands”7

have proved to be more efficient ligands than
the conventional ones, the use of macromolecular ligands,
especially crown ethers has become important.

Since the interaction of transition metal ions with
crown ethers has not been previously reported, the decision
was made to probe their intrinsic interactions in the gas
phase in the absence of complicating solvent phenomena.

Iron, chromium and nickel ions were chosen for these
studies because they exhibit quite different chemistries
with organic molecules (see section 5).

In this work, Ee(CO)? triethylene glycol diemthyl
ether(TDE), 12-crown-4 and p-dioxane-d8 were obtained from
Aldrich Chemical Company. Co(C0)3N0, Cr(CO)6 and NI(CO)4
were obtained from Alfa products. Tetrahydropyran (THP),
1,3-dioxolan and 1,3-dioxane were obtained from Fluka Chemi-
cal Company. Diethylether, p-dioxane and tetrahydrofuran
(THF) were obtained from Mallinckrodt, Inc. Dimethyl-
ether was obtained from Matheson Medical Products Inc. and
15-crown-5 was obtained from PCR Research Chemicals, Inc.
Dithylether, THF, 12-crown-4 and 15-crown-5 were refluxed
with excess Na metal for 12 hours, then vacuum distilled
under N2 to remove HZO' A1l compounds were subject to stan-

dard freeze-pump-thaw cycles before use.



I. Fe(CO): Reactions With Ethers And Polyethers.

A. Results

1. Linear Ethers and Polyethers

a. Fe(CO): reactions with dimethylether

(C,Hg0).

Ions formed as products of ion-molecule

reactions in a mixture of Fe(CO)5 and dimethylether are
listed below, with their precursors as identified by double

resonance.

m/e stoichiometry precursor(s)
86 Fe(CH20)+ Fet
102 Fe(c2H60)+ Fet, Feco’
+ ‘ +
130 FeCO(C,H0) Fe(C0)3, Fe(c0)§

+

132 Fe(CH,0) (C,Hg0) Fet, Feco?, Fe(CO);, Fe(c2H60)+

133 Fe(CH30) (C,H0)"  Fe', Feco, Fe(C0),, Fe(C,Hc0)"
148 Fe(C,H 0); Fe(C0)7, Fe(CO)3

158 Fe(C0),)C,H0)" Fe(C0);, Fe(C0);

176 FeCO(C,H.0);, Fe(CO0);,

186 Fe(C0)4(C,H0)" Fe(CO),

214 Fe,(C0),(C,H.0)" Fe*, Fe(C0);

242 Fe,(C0)3(C,H0)" Fe', FeC0®, Fe,(C0);

b. Fe(CO); reactions with diethylether
.(£4ﬂ] ol;

Ions formed as products of ion-molecule reactions in

a mixture of Fe(CO)5 and diethylether are listed below, with

their precursors as identified by double resonance.

45
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m/e stochiometry precursor(s)
+ +
84 Fe(C,H,) Fe
100 Fe(C2H4O)+ Fet, Feco?
102 Fe(CzHSOH)+ Fet, Feco?, Fe(c0);
128 Fe(c4H80)+ Fet, Feco?
130 Fe(C,H,.0)" Feco®, Fe(co)}, Fe(co)?
AT , 20 3
+ + + +
158 FeC0(CyHy o0) Fe(C0),, Fe(C0)3, Fe(CO),
+ + +
175 Fe(0C,Hg) (CqHyo0) FeC0™, Fe(CyHyo0)
+ +
186 Fe(CO) (c4 109) Fe(c0)4
197 Fe(C0)5H C2H50
+ + +
204 Fe(C4H]00)2 Fe(CO)Z, Fe(C0)3, FeCO(C4H]00)
+ + +
214 Fe(C0)4(CyHyo0) Fe(C0);, Fe(CO);
+
232 FeCO(C,H ]00)2 Fe(C0);, Fe(CO),(C,H ]00)
+
Fe(CO)S, Fe(C0)3(C4 10 )
+ + +
242 Fe(C0),4(CaHy0) Fe, Fe(CO)g

Note that Fe(CZH4)+ has the same mass as FeC0+. How-
ever, FecOt does not have any precursors, but Fe(C2H4)+ has
the precursor of Fe+. Therefore, m/e 84 is assigned as
Fe(C,H,)" instead of FeCO'. Also, the ion at m/e 197 is
formed by the proton transfer of C2 50 to netural Fe(CO)5
as proved by double resonance experiments.

c. Fe(CO); reactions with triethylene gly-
col dimethylether (C8 18 42 TDE)

Ions formed as products of ion-molecule reactions in

a mixture of Fe(CO)5 and TDE are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)

114 FeCyHg0" Fe*, Feco?

132 FeC4Hg0," Fe(C0),, Fe(CO);

142 FeCOC4H 0" Fe(C0),

144 FeCOC4H 0" Fe(C0);, Fe(C0)}

158 FeCOC4H0," Fe(C0),

160 FeCOC4Hg0," Fe(C0)

170 Fe(C0),C4H 0" Fe(C0);

172 FeCOC,Hg0, FeC0®, Fe(CO0),, Fe(C0)3
188 Fe(C0),CqHg0, Fe(C0)3, Fe(C0)3, Fe(CO),
202 Fe(C0),CuH 40, Fe(C0),, Fe(CO)3, Fe(CO),

2. Cyclic Ethers and Polyethers.

a. Fe(CQ); reactions with tetrahydrofuran

(THF, C,Hg0)

Ions formed as products of ion-molecule reac-

tions in a mixture of Fe(CO)5 and THF are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)
98 Fe(CyHg)" Fet, Feco®
110 Fe(CyHg)" Fe*, Feco”
128 Fe(C,Hg0)" Fe*, Fec0®, Fe(c0)j,
Fe(C3H6)+
156 FeCO(C,Hg0)" Fe(C0)y, Fe(CO)y
158 Fe(CH,0)(C,Hg0)"  Feco*, Fe(C0);
170 Fe(C4Hg) (€ Hg0)" Fe*, Feco’, Fe(c0),

+ +
Fe(C3H6) . Fe(C4H80)
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184
200

212
228

240
256
268

stoichiometry

Fe(C3H6)(C4H80)

Fe(c0)2(THF)+
+
Fe(C4H80)2

Fe(C0)3(C4H80)+
FeCO(C4H80);

Fe(C0),(C,Hg0)"
Fe(C0),(C4Hg0)7

+
Fe2(C0)3(C4H80)
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precursor(s)
Fet, Feco?, Fe(c0);
+
Fe(CqHe)™, Fe(c4H80)+
+
Fe(CO)4
Fe(C0)y, Fe(C0)3, Fe(CO),
+
FeCO(C,Hg0)
Fe(co)¥, Fe(co)?
4° 5
+ +
Fe(C0)4, Fe(CO)5
+
Fe(C0)3(C,Hg0)
Fet, Fe(CO)g
Fe(cO);, re(c0)3(c4H80)+
+ + +
Fe , FeCO , Fe2(C0)4,
+
FeZ(CO)5

b. Fe(COlI reactions with tetrahydropyran

(THP, CeH,00)

Ions formed as products of ion-molecule reactions

in a mixture of Fe(CO)5 and THP are listed below, with their

precursors as identified by double resonance.

m/e
110
112
114
142
153
170
198

stoichiometry

Fe(C4H6)+
Fe(C4H8)+
Fe(C4Hg0)"
Fe(CgHyg0)®
Fe(C0),(C4H )"
FeCO(CgH,40)"

Fe(c0)2(c5H]00)+

precursor(s)

Fe+

Fe+

Fe+

Fe*, Feco’, Fe(C0)}

+
5

Fe(C0),, Fe(C0)}
Fe(CO)Z
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m/e stoichiometry precursor(s)
+ +
211 FeCO(CgHy0) (CoHg)™  CoHy
226 Fe(CO)3(CsH]00)+ Fe(CO)Z, Fe(c0);
+ + +
228 Fe(CgH,,0); Fe(C0),, Fe(C0)3,
Fec0(c5H]00)+
+ + +
254 Fe(C0),4{CgHyo0) Fe', Fe(C0);
256 FeCO(CSH]OO); Fe(CO)Z, Fe(c0)2(c5H]00)+

where ions at m/e 153 and 211 were formed from C3H5+ reac-

tions with Fe(CO)s. This has been observed previous1y85.

c. Fe(CO); reactions with 1,3-dioxolan
(C3He0,)

Ions formed as products of ion-molecule reactions

in a mixture of Fe(CO)5 and 1,3 dioxolan are listed below,

with their precursors as identified by double resonance.

m/e stoichiometry precursor(s
ichiomet (s)
+ + +
84 Fe(CyH,) Fe*, C3He0,
86 Fe(CH20)+ Fe'
+ + + + +
100 Fe(CyH,0) Fe', Feco®, Fe(C0),, C3Hg0)
102 Fe(cuzoz)+ Fet, Feco?, Fe(CO);
114 Fe(C,H,0,)" Fe*, Feco®
116 Fe(CpH,0,)" Fe*, Fec0, Fe(C,H,0)"
130 Fe(C3H602)+ Feco®*, Fe(c0);
144 Fe(C,H,0)} Fet, Fecot, Fe(co)?
e(C,H,0), e, FeCO", Fe(CO),

Fe(C,H,0)", Fe(CyHs0,)7
+ +
154 Fe(C0),(C, H,0) C,H,0
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158

160
174

186
204
214
232
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stoichiometry

precursor(s)

Fec0(c3H602)+

+
Fe(CH,0) (C4Hg0,)

+
Fe(C,H,0) (C3Hg0,)

FeCO(C3H,
Fe(C0),(CqHg0)" Fe(C0)3,
+ +

Fe(CgHg0,)5 Fe(C0)5,
Fe(c0)3(c3H602)+ Fe(CO)Z,
FeCO(C3Hg0,) Fe(C0)y,

Note that the ions at m/e 84,

Fe(C0),, Fe(C0)}
Fet, Feco, Fe(c3H602)+
Feco*, Fe(c0);, Fe(c3H602)+

0,)*

Fe(CO)Z
Fe(C0)3, FeCO(C
Fe(CO);
Fe(C0),(CaH0)"

+
3Hg02)

100 are assigned to be

Fe(C2H4)+ and Fe(C2H40)+ respectively instead of Fecot and

Fe(coz)+ as proved by double resonance experiments.

d. Fe(CO): reactions with 1,3 dioxane

(CaHg05)

Ions formed as products of ion-molecule reactions

in a mixture of Fe(CO)5 and 1,3 dioxane are listed below,

with their precursors as identified by double resonance.

n/e
84

86
114
115
116
142

or

stoichiometry precursor(s)
+ +

Fe(C2H4) Fe
Fe(CH20)+ Fet

+ +
Fe(C,H,0,) Fet, FeCO

+ +
FeCO(OCH,) C4Hg0
Fe(c2H402)+ Fet, Feco®
FeCO(C3H60)+ Fecot

+
FeCO(CZHZOZ)
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m/e stoichiometry precursor(s)
+ + +
144 Fe(C,Hg0,) Fec0™, Fe(C0),
+ + +
169 Fe(CO) ,H C,Hg» CH40
+
172 FeCO(C,4Hg0,) Fe(C0)7, Fe(C0)}
174 Fe(CH,0)(C,Hg0,)*  Fe®, Feco?
+ + +
197 Fe(C0)gH CH30", C,H407
200 Fe(C0),(C, Hg0,)" Fe(CO)Z
+ +
228 Fe(C0)4(C,4Hg0,) Fe(C0)y, Fe(c0);
+ + +
232 Fe(C,Hg0,)5 Fe(C0),, Fe(C0)3,
+
FeC0(C4Hg0,)

The ion at m/e 115 is formed from the ion-molecule
reactions of C3H50+ with neutral Fe(CO)S; m/e 169 is a pro-

ton transfer product from ethyl and methoxy ions.

e. Fe(CO); reactions with p-dioxane

Lg4ﬂ892) and dgo-p-dioxane

Since Fe(CZHZOZ)+ has the same mass as Fe(C3H60)+,
Fe(C,H,0,)" has the same mass as Fe(C4Hg0)", and Fe(C,H,)"
has the same mass as FeC0+, p-dioxane-d8 was also studied
in an attempt to resolve these assignments. Table 4 shows
the ions formed as products of ion-molecule reactions in a
mixtﬁre of each separately. A1l the precursors of products
are identified by double resonance.

Note that in p-dioxane, the product at m/e 84 is

Fe(C2H4)+ and not FeC0+, since we observe m/e 88 in p-dioxane-

d Moreover, the FeC0+ in "Fe(CO)5 only" does not have any

8.
reaction precursors, it is only found by electron impact on
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Fe(CO)S. Therefore, m/e 88 in p-dioxane-d8 should be both

Fe(C,D,)" and Fe(CD,0)*. Likewise m/e 120 should be a mix-

ture of Fe(C3060)+ and Fe(CZD402)+ corresponding to m/e

114 and 116 in the p-dioxane case. Also, m/e 184 could be
. +

a mixture of Fe(CDZO)(C40802) and Fe(CsDGO);, however,

the latter species is absent in the p-dioxane study.

f. Fe(CO): reactions with 12-crown-4
L£8ﬂ1524l_

Ions formed as products of ion-molecule reactions

in a mixture of Fe(CO)s and 12-crown-4 are listed below,

with their precursors as identified by double resonance.

m/e stoichiometry precursor(s)

98 FeC,H,0" Fe*, Feco?
114 FeC,H,0," Fe*, Feco®
116 FeCyHg0" Fet

124 FeC,H,0" Fe'

126 FeC H 0" Fet, Feco?
130 FeC,H, 0" Fet

or FeC,H 0,

142 FeCOC,H,0," Fe(c0),’

144 FeC,Hg0," Fe*, Feco?
160 FeC Hg0," Fe*, Feco®
174 FeCgH,,0," Fet, rFeco?
204 FeCgH,,0," Feco®, Fe(c0),”

Note that m/e 130 could be either FeC4H]00+ or
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+ . + .
FeC3H602 or a mixture of both. However, FeC4H]00 is
easily explained by the mechanism which will be proposed

in the discussion section.

+ . .
g. Fe(CO)  reactions with 15-crown-5 (C,4H,,0¢)

Ions formed as products of ion-molecule reactions
in a mixture of Fe(CO)5 and 15-crown-5 are listed below,

with their precursors as identified by double resonance

techniques.
m/e stoichiometry precursor(s)
100 Fe(c2H4o)+ Feco?
102 Fe(C,He0)" Fe*, Feco®, Fe(c0),”
+ +
103 C4H505 C,H30,
+
or CSHHO2
114 Fe(C2H202)+ Fet, Feco?t
116 Fe(C2H402)+ Fet, Feco’
117 C.H,.0,7 ¢, H.0" C.H.0,*
671372 4"gY or L3fgls
+ +
118 Fe(CyHg0,) Fe(C0),
144 Fe(c4H802)+ Fet, Feco*
146 Fec0(c2H602)+ Fe(C0)2+, Fe(C0)3+, Fe(c0)4+
+ +
160 Fe(C,HgO,) Fe
174 Fe(C6H1402)+ Fet, Feco’
+ +
177 CgHy70, C4Hg0,
204 Fe(CGH]204)+ Fecot, Fe(c0)2+
+ +
211 Fe(C0),4(C,H,0) R
214 Fe(C8H1403)+ Fet, Feco’

+ +
221 C]OH2105 C6H]303
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m/e stoichiometry precursor(s)
+
242 FeCO(CghH,,05) Feco®, Fe(c0),"
+ +
248 Fe(C8H1605) Fe(CO)2
+ +
276 FeCO(CBH]GOS) Fe(CO)3

B. Discussion

1. Linear Ethers and Polyethers

a. Reactions of Fe+

The Fe® reactions with dimethyl ether, diethyl ether

and TDE are summarized below:

79 +
73, Fe(cH,0)t + CH
Fet + CH///O\\CH 1 2 4
3 3
. +
.21, Fe(C,Hs0)
. 2D Fe(cH,0)(C,Hg0)"
Fe(Cszo) —
-863, Fe(CH;0) (C,Hg0)*
Fet + O —335 Fe(C H )t + CLH.0
~N T 2"a 2"6
.24 +
=24, Fe(C,H,0)* + C,Hg
.41 +
4L Fe(C Hg0H)* + CoH,
.02 +
025 Fe(c Hgd)t + H,
Fe+

+ 0 0 —> Fe(C,H.0)" + C.H,,0
C”s/\ 9 /0\cu3 3Hg 5H1203

Basically, all these reaction products can be explained

in terms of Scheme X, i.e. Fe+ inserts into a C—0 bond,



56

followed by a B-H shift.

Scheme X.
0
+ 0 + 0 B-H Fe ——“
Fe” + / N\ — __Fé CHy ShTFT /
CH CH cH™ CH,
3 3 3 3, l
He
Fe(CHZO) + CH4
Similarly,
C”s/0 CHy
Fet + 0 —> q< Sre ew,
" Wl W2
S,
H2 43 0
Shifts ?H Te ——CZHS
+ + H
Fe' (C,Hg0) ¢«— CH3—CH2—0—Te --” ch,
+ l H
Cafq Fe*(C,H,) + C,H.OH Fe*(C,H,0) + C,H
e (Lofy 2"s e Loy 2"6
0 0 0 _0
Fet + ch” \LJ NcH, —> CHY  CH_
3 3 3
/A TCH,
| 0 Q\
Fe'-0-CH-CH, CH,
H2 |
shifts H! H2
shifts
CH
ﬁef\ ﬁ 3‘\0
CH,0C,H. + CH,—=0 | | . HQ 0 0
325 3 : CH".-‘Fe+ + \_J\_/ \CH

(\/o\tH//cu

w

2

(=)
x
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The successive reaction products, Fe(CHZO)(C2H60)+ and
Fe(CH40) (C,H,0)" in the reaction of Fe' with dimethyl ether

can be explained as follows:

CH cu_//f
3 3
CH, | CH, |

o + Fe<\> B— ;>0 ----- Fe' _—
CH

~
CH |

3
OCH.H
2 \. e
CH
CH
3
\\0" Fe® + CH
/S ! 4
CH3 S
CH== 0
CHJ/T
CHy 3 CH
+ +
0+ Fet —5 0-----Fet  + CH..
CH’// | / ' 3
3 OCH H CHy OCHg

That is, the real structure of Fe(CzHGO)+ is that in
which Fe' has inserted into the C-0 bond. When another
molecule approaches, a B-H shifts to eliminate CH4. Alter-
natively, the incoming dimethyl ether can undergo substitu-
tion to replace the CH3 group.

Note that the Fe+ reaction with TDE only produces one
product ion, FeC3H60+. When the reactant neutral becomes
a polyether, multiple metal-ligand interactions are expected,

since these are observed in solution. While the number of
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atoms in TDE with which the metal ion initially interacts
may be > 1, the actual reactions occur involving only one
site on the polyether. The initial multiple interaction
may be important in directing the metal to a site of attack
(insertion). The mechanism proposed above is typical in
that, when the metal ion rearranges TDE into two smaller
molecules, the smaller one is usually retained as a ligand,
presumably being due to its effective electron donating
ability of the smaller ligands.

b. Reactions of FeCO+

FeC0 reactions with dimethylether, dimethylether and
TDE are summarized below:

0 =137, Fe(C,Hg0) (CH,0)*
+ +
FeCO™ + 7 N\ —— Fe(C,H0)" —

CHgy CHy - 863, Fe(C,Hg0) (CHy0)*
Feco® +vo\,—r°]—°-> Fe(C,H 0)% + C,Hg + CO (2)
.08 +
p—— Fe(CZHSOH) + CoH, + co (3)
.14 +
——— Fe(C,Hg0)" + H, + CO (4)
| .68 , Fe(C4H]0)+ + CO (5)

!—> |=e(c4+|wo)(oczns)’r (6)

+ .91 +
FeCO + 0 0 O —4———— FeC,H.0 + C.H,,0, + CO
571273
i, \_/\__/\._/O\CH3 3 (7)
‘ .09

+
——> FeC0C,4Hg0,  + CuHy40,
(8)
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The processes in (1)-(4) were observed for Fet alone
and are presumed to occur by the same mechanism, however
here we have concurrent cleavage of the ;-CO bond. Reac-
tion (5) is a commonly observed ligand substitution. Reac-
tion (6) is similar to (2) where an alkoxy group replaces
an alkyl group. FeC3H60+ in reaction (7) was also formed by
Fet alone as explained in the last section. In reaction (8),
since (a) C4H802 is not "extracted" from TDE by Fet alone,
and (b) the CO is retained, we interpret this as a mco*
insertion into the center of the molecule, followed by a
B-H shift.

CH3qL_P‘\T“~c49

" M\
H Fe—CH,0 OCH

, b

.,

C ‘Fe” + CH,0 OCH,
I /

CH3%—_?CH

Note that, without incorporation of CO in the inter-

FeCO' + TDE —>
3

mediate, no B-H atoms would be available to shift. The pro-
duct resembles a metal-ketene complex, which is frequently

observed in such studiesgl.

c. Reactions of other FejCO)x+ jons

As indicated in the reaction product lists, as the num-
ber of CO's present on the metal increases, ligand substitu-

tion becomes the predominant process. Fe(C0)2+ and Fe(C0)3+



60

will react with dimethylether to form FeCO(C,Hs0)* with
loss of up to 2 CO's. Diethylether can displace up to 3
CO0's and so on, which is typical of other systems studied85-
in fact most compounds which have been studied except alkyl
fluor‘idesgz’]22 have been observed to displace CO from
charged fransition metal centers.

Successive reactions also become important at higher

pressures, for example:

Fe(CO)} + 0 — Fe(CaHy00)7 + O _—> Fe(C H,q), + XCO

x =1,2,3
+ +

+
Fe(C4H]OO)2 + yCO

y = 2,3,4

However, in these studies, no ion of composition
Fe(TDE)+ was observed. The reactions of Fe(CO); with TDE
are summarized below:

+ +

+

N + -
> FeCOC4He0, + CgHyg0y + H, + (x-1)C0 x=4 a1
+

—— Fe(C0),CaH,00," + C4Hg0, + (x-2)CO x=2,3.t(l]2)

+
or Fe(C5H1003) + C4H802 + (x-1)CO
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A1l of the products for TDE are reactive rearrange-
ments of the TDE; none are CO displacement. This may
reflect the ability of TDE to complex stepwise with the
metal center i.e.- initial complexation may involve one
oxygen of the ligand. As further oxygens interact, addi-
tional energy is made available for metal-induced decomposi-
tion of the polyether.

Hence reactions (9), (10) and (11) can be explained

0
TR
- e
Fe(co); + TpE =0 CH3 \\\Fe:\:f>JQ&_P\\ + CO
H! CH

as follows:

W2 shifts 3
shifts
P M
—H
CHI =~ +
0. 3 VA LS
SN, Fe' CH3
c\\ Fef- co |
; C
C=0 0
/
H -CO0
+

3 3N +
+ FeC3H802
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co
0 0 0 0
+ -C0 - — Ny + €0
Fe(C0)2 + TDE —~— y CH,
CH3 R—H
!
co
k0—Fe —C0 $— CH L/Fe + 0
3 ~
Csz \\_f\_? CHy
FeC0C3H80

Note that the reactivity (which will be defined here
as the number of products) increases as the neutral changes
from an ether to a polyether. Also note that the CO Tigands
can be lost in a stepwise manner.

The formation of Fe(C0)2C4 ]002 is very difficult to

explain, however, the following mechanisms are possible.

ocC co

N4

'f"%

CH h
3\

Fe(C0)2 + TDE —> { } —_—
oc co
\N /

/0\/F e+\/°\ + [:j
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or
CH CH
3 3
N J/
0
+ ' 0
Fe(C0)," + TDE —> + [: :]
0 0 0
\ .0
1]
eC——4<
H
B-H
shift

+
Fe(CgHy03)™ + CuHg0,

2. Cyclic Ethers

a. Fe+ reactions with THF and THP.

Fet reactions with tetrahydrofuran and tetrahydropyran

are summarized below:

Fet + THE ——80s  Fe(CH )™ + CH,0
19, Fe(CyHg)t + H,0
L =20, Fe(c, hg0)*

Fet + THP ——=125  Fe(C Hg)* + CH O
=235 Fe(C,Hg)™ + CHL0
28, Fe(CaHg0)* + C,H,

.05 +
Again, all the products can be explained in terms of a
metal insertion followed by a B-shift. The reaction mech-

anism of Fe' with THP is shown as an example in Scheme XI.
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(The reaction mechanisms for Fet with THF is shown in

Scheme I1)

Scheme XI.

+ o 0.
Fe + EVJ ’ (: f 3 [ﬁ:i;:?

Fe(culie) S0 II \/ cgzme/'

Note that in the THF reactions, the formation of an
intermediate containing C3H5 is a strong driving force. In
THP, there is no favorable mechanism for forming this inter-
mediate. Fe® does react with THP to form Fe(C3H60)+, which
is reasonable, being geometrically accessible (5-membered
ring) and that Fe+ interacts with both oxygen and carbon

equally well. (Table 2 p.20).

b. Fe(CO)} reactions with THF and THP
Usually, the more ligands on the metal center, the less
reactive these species will be except in the reaction with
multifunctional organic compounds as explained in the last

section. Hence in the reactions of Fe(CO); with THF and THP,
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we only see the same products as Fe+ formed (by the same
mechanism presumably) with concurrent cleavage of the M¥-co
bond.

Ligand substitution and successive reactions also

become important such as:

Fe(CO); + THF ——> Fe(C0)}_, (THF) + aCo

for x =2 a =1
X =3 a =2
x =4 a = 2,1
x =5 a = 2,1

Fe(C0), + THF ——> Fe(THF) + CO

> FeCO(THF)Y + co

Fe(THF)® + THF > Fe(THF)}

+
— Fe(CHZO)(THF) + C3H6

L Fe(C3H6)(THF)+ + CH,0

3. Cyclic Polyethers

a. Fe+ reactions with 1,3 dioxolan,

1,3 dioxane, p-dioxane-(dsll

12-crown-4 and 15-crown-5

Fet reactions with 1,3 dioxolan, 1,3 dioxane, p-dio-
xane (d8), 12-crown-4 and 15-crown-5 are summarized below

and in Table 5.
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+

Fe+(C2H4)

+

+
Fe (CH20)

Fe+(C2H40)

+

+

+
Fe (CH202)

+

+
Fe (C2H202)

+
Fe (C2H402)

+

+

Fe+(C2H4)

Fe+(CH20)

+

+

+
Fe (C2H202)

+
Fe (C3H60) +

+

+
Fe (C2H402)

+

Fe+(CH20)

Fe+(C3H60)

+

+

Fe+(C2H402)

+

+
Fe (CZH4)

+

+
Fe (CDZO)

+

+
Fe (CZD4)

+

+
Fe (C3DGO)

+
Fe (CZD402) +

CH202

C2H40

CH20

CH

CH
C2H402

C3H60

CoHg

CH,0

20,40,

C020

CZD4

(13)
(14)
(15)
(16)
(17)

(18)

(19)
(20)

(21)

(22)

(23)
(24)
(25)

(26)
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In its reactions iwth monofunctional ethers, both
acyclic and cyclic ethers, it is energetically favorable
for Fe+ to insert into the C-0 bond, followed by a B-H
shift. If Fe' interacts with two geometrically accessible
oxygens which are in close proximity, such an interaction
may involve more than twice the energy as the interaction
with only one oxygen due to the ligand effect124. This may
result in a double insertion and double R-shift mechanism.

]45, although it is convenient

This process can be stepwise
to use a concerted double insertion, followed by double B-H
shifts (using a stepwise mechanism, it is hard to explain
reactions (17) and (18)). Accordingly, the products in
reactions (13)-(18) can be explained as follows:

Fet H] 0
et + 07 0 —> o:;;\’;//o double __, J:;Fe d n?

\ [ insertion
AK_____JF :/// l\\\o

+ +
CoHy + Fe(CH,0,)" ||—Fe™ + Z:>

+
_Fe.
+

doub]e
Fe + 0/\0 —> 0:\/\/; 1nser‘t10n O *

+
CH,0 + Fe™(C,H,0) « Fel---.

C,H 0 + Fe+(CH20) pa—
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Table 5. Ion/Molecule Reactions of Fe+ With 12-crown-4
And 15-crown-5.

See
Scheme
Fot +[:° 0:] _ﬂ*ggﬁ Fe*C,H 0 + CeHi, 05 + H,0 XI1
Q ? 13, Fe*C,H, 0, + CeHyy0, XI11
AL, FetoH 0, + CgHyp0, XIII
02, Fe*C H 0 + CoHi 05 + Hy XIV
.01, Fe'C,HgO + C4Hq(05 X1V
125 Fetc Hg0, + C4Hg0, XII
=085 Fe¥C H 00 + CyHg04 XIV
pr - Fe'CgH0, + CgHy 0,
FOLs FeC Hg0y + CyHgo XIV
k02, Fe*cehy,0, + C,H,0, XIII
b
Fet + y 05, Fe(C,H,0,) + Cghig0s + Hy XV
. 0_:7 =20, Fe*(C,H,0,) + CgHyg0g XV
.26, Fe*(C,Hg0) + CgHy a0, XV, XVI
1L Fe*(C Hg0,) + CoHyn04 XVII
=12, Fe*(CgHp,0,) + CyHg0s XVIII
215 Fet(C Hg04) + CHy L0, XVIII

.05 +
L= Fe (08H1403) + CZHGOZ XV
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A Fe!
+ 5 ST double .
Fe ' + qL_P O¢ P —Tnsertion
H]
\_0\ + +
/___0//,Fe———CH2 —_— Fe(C2H402) + CH2
1
H 2-H] —H2
shift

A1, .
%‘.Te—CHZ — Fe(C2H202) + CH4
H

Note that there are only three possibilities for double
insertion, each case gives the corresponding products.

Reactions (23)-(26) were identified unambiguously by
p-dioxane d8 reactions. The product ion in reaction (21)
can be either Fe(C,H,0,)" or Fe(C3H0)". Fe(CgHg0)" is more
reasonable based on the p-dioxane reactions (23)-(26) and
can be easily explained by the proposed mechanism which
follows.

Note that the chair form of p-dioxane is the most
stable conformation based on electron diffraction, sector

125,126 127-129

microphotometer studies » and complexation

studies. It is shown that LCOC of p-dioxane is 112.45°

]26. There-

which is bigger than that of cyclohexane (108°)
fore we assume that it is the most stable conformer in the

gas phase. From X-ray studies of 2-chlrophenyl-1,3
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130 131,132

dioxane and conformational analysis and modeling

131

studies , it is agreed that 1,3 dioxane is more stable

in the chair form with the‘Lo]C303 = 111°, which is puckered

(dihedral angle, T = 63°) and LC4C5C6 = 108°, which is
flattened (dihedral angle, 1 = 55°), although the under-
derivatized ligand has not been studied. Since Fet has al-
most the same bonding energy to oxygen and to an alkyl

group (Table 2) and because of the geometrical accessibili-
ty, Fe+ is capable of interacting with both oxygens and one
carbon as indicated by dashed lines in the following mechan-
isms. However, it appears that Fe+ is even more likely to
interact with one oxygen and one carbon instead of two
oxygens due to the geometrical restriction. The products

in reactions (19)-(26) can then be explained by the "double

insertion, double B-H shift" mechanism, as shown below:

/,Fef\\\\ O\\ 0
— |
Fe'(C4He0) Fe' (CH,0)
Fel _0
o Bt e )—

Fe+(C2H4) Fe+(CZH402)
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fei
X T _0 ,
ZﬁZIZ:::::i;V —%—> [\\\Fé —> Fe*(C,H,0) (27)
g 0
Similarly,

_Fef\ ///0
-7 01 AN 0
30;~ﬁ;__£/,/ double + +
e ARl Vi ad NG
CH

+

Fe(CHZO) Fe(C3H60)

+ 2

Fe. _
0_,;}‘/“0 30701
= Fe'
4%
5
Fe®
0 0 0

| double [ pet __,“_-__Fe-*/>

insertion 0 ¥
~ / l 0

+ +
Fe(C2H402) Fe(C2H4)

(28)

——> O—‘e<z> —))l‘/Fe)<:> (29)

+ +
Fe(CHy0,)"  Fe(CyH,)
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Note that the only reason why reaction (27) doesn't
occur is because Fef can't interact with two oxygens and one
'CHZ' group at the same time. It is difficult for Fet to
interact with two separated oxygens by breaking bonds as
shown in (27). Instead, it prefers to interact with one
oxygen and one methylene group. In the case of 1,3-dioxane,
Fet can either interact with two oxygens or one oxygen and
one -CHZ- group equally well. Since the 03--C4-C5 angle is

flattened]30

» the -CH,- at C5 can have a weak interaction
with Fe* unless Fe' moves closer and weakens its interaction
with another oxygen as in reaction (28). The reason why
reaction (29) doesn't occur is probably because the OI-C2
and CZ-O3 bonds become weaker than other bonds, due to the
strong interaction of Fe* with two oxygens, which forms a
strained four membered ring intermediate and results in an
insufficient orbital overlap of 0]-C2 and C2'03 bonds, in
contrast with more flexibility of 0]C6C5C403 ring on the
other side. Therefore, 01-C2 and 02-03 bonds are easier to
break and 06-0] and 03-C4 are more resistive to cleavage.

Also note that all of the products in the reactions of
Fet with 1,3 dioxane and 1,4-dioxane are from the metal ion
"double insertion" only, because B-H's may not be geometric-
ally accessible for shifting after double insertion by the
Fe+, which might have a linear structure for the inter-

mediate, RCH2 —Fe+ -0R. Linear structures for insertion

products have been suggested by D.P. Ridge in the reactions
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of Fe+ with a]kanes]94.

In 12-crown-4, the chemistry is even richer. The reac-
tion products together with their reaction mechanisms are
indicated in Table 5.

In some cases, Fe+ appears to break down the polyether
into smaller cyclic ethers, which is also observed on elec-
tron impact of crown ethers]33. One product, FeC4H802+,
appears to be the result of cleavage of 12-crown-4 into two
1,4-dioxane molecules which is shown in Scheme XII. The
process is favored since 2 molecules of 1,4-dioxane are
approximately 20 kcal/mole more stable than 1 molecule of
12-crown-4]34.

This arrangement of 12-crown-4 is consistent with a
distinct secondary structure for the polyether which is
shown in Scheme XII. This structure was derived from X-ray

crystallographic studies]36.

Thus, we assume that it may
also be a favored configuration for the uncomplexed crown in
the gas phase. (While the molecule is free to assume many
secondary structures, intramolecular hydrogen bonding may

107,111 'y ysing the numbering

favor this configuration
system of Scheme XII, it can be seen that this chair-type
structure has two oxygen atoms whose lone pairs are

directed above the "plane" of the molecule (1 and 2) and

two below (3 and 4). 1If Fet can complex with this ligand
without extensive changes in the secondary structure, initial

complexation with lone pairs on oxygen atom #1 and #2 will
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direct the metal towards C #5. These three atoms are in
close proximity in this model. Scheme XII shows that such
an initial interaction would lead to the FeC4H802+ product
if Fe' can bring O0#1 and C#5 in close proximity to form two
rings (two p-dioxanes). On the other hand, if this inter-
action brings C#5 and 0#2 in closer proximity, 9-crown-3
can be eliminated, leaving FeC2H4O+ which rapidly loses H2
to form FeC2H20+, which is also observed. Thus, the geometry
of "free" 12-crown-4 suggests that, regardless of which side
of the ring Fet attacks, there will be two 0 atoms and one
CH, unit (which is across the ring) in close proximity for
initial interaction with the metal, similar to the cases of
1,3-dioxane and 1,4-dioxane which have been discussed
earlier. The geometry may facilitate the formation of new
C-0 bonds and smaller rings. |

Other products can be explained following initial metal
complexation to the two oxygen atoms shown in Scheme XIII
and XIV followed by metal ion double insertion and double
B-H shifts as previously discussed. There are only two
possibilities. Fe+ can interact with either two oxygen
atoms next to each other or two oxygen atoms across the
ring. Scheme XIII shows the former case to form FeCZH40 +,
FeC2H202+ (similar to a metal-butadiene complex) and
FeC6H1402+. Note that it also follows initial interaction
with oxygen atoms #1 and #2. Following the double insertion,

we see a situation where both the "left" and "right" groups
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SCHEME Xi¥
H
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= o
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b
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5'
= =0
|‘+, + r
7 RP 0---Fe---0
K,o s ( (W
H (0]
- 1’C4H|o°3 1(:4“603
P Vo
Fe’ ﬁo m/z 126 Fe---0  m/ 130
\ |
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contain B-H atoms which could shift. Apparently, only those
on the "left" do. Molecular models suggest that further
interaction of the oxygens on the "right" group with the
metal ion may move the "right" B-H atoms to positions
spatially less accessible. These additional metal-oxygen
interactions could thus, through an intermediate such as is
shown in Fig. 8, control the availability of B-H atoms for
rearrangement.

Scheme XIV predicts the remainder of the products
through another double insertion, double B-H shift scheme,
following an initial complexation of Fe+ with two oxygen
atoms across ring. Note that if H's from the "left" shift,
FeC4H]00+ is formed, which corresponds to an ion of m/e 130.
An alternative structure (FeC3H602+) for the same ion can be

explained by a double insertion:

AN
+ Np +
Fe {0 ﬁ —9 —> Fe(C3Hg0,) T +CH, 0,

0—" A/0\>

Here, Fe' interacts preferentially with oxygen atom #1
and carbon atom #5 as indicated in Scheme XII and inserts
jnto both the C-C and the C-0 bonds similar to reaction (28).
Nevertheless, CID or high resolution spectra are required to
unambiguously distinguish FeC4H]00+ from FeC3H602 .

In the reaction of Fe+ with 15-crown-5, one may expect

to get more products, presumably due to increased interaction
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+ +
Figure 8. A Structure Of Fe-12-crown-4 After Fe
Double Inserts Into Two C-0 Bonds Of
12-crown-4
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of Fe' with five oxygen atoms in 15-crown-5. However, Fet
apparently can't react effectively with all 5 oxygens.
(15-crown-5 has much bigger cavity than 12-crown-4 does
(1.7 - 2.2 R vs. 1.2 - 1.5 R in diameter)).

Although there are many reports on the complexed struc-

6]37 d]38, there
112,139,140

tures of 18-crown- and also its free ligan
are only a few reports on complexed 15-crown-5
and the study of the free 15-crown-5 molecule has not been
reported yet. However, the structure of 15-crown-5 was
taken by X-ray and drawn in reference 139, in which the
copper in CuBr2 interacts with only one oxygen atom of

15-crown-5, which makes the conformation of 15-crown-5

similar to that of a free ligand as shown in Fig. 9.

10

13

1l
Figure 9
X-Ray Structure O0f 15-Crown-5

In 15-Crown-5 CuBrz.
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Scheme XV
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Scheme XVl
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Hence, oxygen atom #4, #7 and #13 are up and #1, and 10

are down. Fe' then can interact with [0#4 and #7], [0#4 and

0#13], or [0#7 and 0#13].

Since carbon atom #11 is with the

metal up also, the interaction of both [0#13 and C#11] and

[0#4 and C#11] are also possible. Schemes XV, XVI, XVII,

and XVIII are the proposed mechanisms leading to the observ-

ed reaction products of Fe+ with 15-crown-5.

b.

Most products of FeCO™ reactions with 1,3-dioxolan,
1,3-dioxane and p-dioxane are seen in the Fe+ case with

concurrent loss of CO except as shown in the following:

d/\b

FeCO reactions with 1,3 dioxolane,

1,3-dioxane, p-dioxane, 12-crown-4 and

15-crown-5.

FeCO+ g —

Feco® + Eji}-—

—
L

+ 0
FeCO + [: :]—————9
0

Fe+(C3H602) + CO

+

L Fe(C,H,0)(C4Hs0,)"

Fe+C0(C3H60) + CH,0
Fe+(c4H802) + CO

Fe+(C4H802) + €O

+
> Fe*(CH,0) (C,Hg0,)

N Fe+(C4H802)2

(30)
(31)
(32)

(33)
(34)
(36)
(37)

(38)
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Reactions (30), (34) and (36) are typical of ligand
substitution processes. In the 1,3-dioxolane, 1,3-dioxane,
p-dioxane systems, the addition complexes are reactive
enough to undergo successive reactions (31) (32) (35) (37)
and (38). Note that the reaction products in (31) and
(35) are also formed from Fe(CH20)+, which is reactive too.
Presumably, CH,0 in reaction (33) carries away most of the
reaction energy, leaving CO retained by Fet.

FeCO+ forms seven products with 12-crown-4; six of them
were also forméd by Fet alone. Thus, mco* insertion does
not appear to predominate in the reactions with the cyclic
polyether. The new product for FeCO* with 12-crown-4 is m/e
204, FeC6H1204+, corresponding to loss of CO from the ionic
reactant and C2H4 from the crown, presumably by a mechanism
shown on Scheme XIX.

On the other hand, FeCO+ forms nine products with

15-crown-5, which are shown below.

+ .13 +
FeCO + 15C5 ———— Fe (C2H40) + C8H1604 + CO (39)
+
.14 Fe (C2H202) + cuso3 + CO

.14 +
Fe (C2H402) + c8H1603 + CO

—
-20 Fe*(C,Hg0) + CgHya0, + CO

.04 +
.08 +
16

16 Fe+(C6H1204) + C4Hg0 + CO (40)
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Scheme XIX

Feod + 12-crommt ——> O/‘@j
{_’}o
l

Scheme XX

(e |
Bi ''''' Fe-~ , E—
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Fecot + 15¢5 7:95—> Fet(CgHy,05) + C,HgO, + CO

.06, Fe'C0(CgHi405)" + C,HG0, (41)

Of which, six products were also formed by Fe+ alone.
Again, MCO" insertion does not seem to play a role in this
larger cyclic polyether.

The new product Fe(C2H40)+ in reaction (39) is presum-
ably formed via the mechanism shown in Scheme XV, following
double insertion as indicated by the pathway b. The CO
ligand plays an important role here. Apparently, available
energy can be used to break a M*-CO bond instead of inducing
B-H shifts. The product ion Fe(C6H1204)+ in reaction (40)
is formed through interaction with oxygen atoms #7 and #13
as shown in Scheme XX. Note that we do not see this ion in
the reaction with Fe+. Since oxygen atoms #7 and #13 are

far apart, the CO ligand here may play an important role in

bringing them closer as shown below:
C-.
- 7220
< “Fe -~ 7
0 0

/
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Once Fe+ double inserts into C-0 bonds, it may further
interact with oxygen atoms #1 and 4 to eliminate CO and
C4H80. The retention of CO on the product ion in reaction
(41) clearly indicates that no further stabilization energy
is produced (product distribution ratio for this ion is 0.06

and only 0.05 in the reaction with Fe+).

c. Fe(CO): reactions with 1,3-dioxolan,

1,3-dioxane, p-dioxane, 12-crown-4 and

15-crown-5,

Higher CO-containing iron ion molecule reactions with
1,3-dioxolan, 1,3-dioxane, p-dioxane and 12-crown-4 only
undergo substitutions and successive reactions. Note that
in the reactions with 12-crown-4, a new ion, FeC0C2H202+ is
formed at m/e 142, presumably by the same mechanism as is
shown in Scheme XIII.

In the reactions of Fe(CO); with 15-crown-5, there are

few new ions formed:

Fe'(c0)2+ + 15-crown-5 —> Fe(C2H602)+ +C 0, + 2C0  (42)

gM1493
Fe(c0).* + 15-crown-5 —— FeCO(C,H.0,)" + C.H.,0, +
X 2Hg02 81493

(x-1) €O X = 2,3,4 (43)
+
Fe(CO)2 + 15-crown-5 —> Fe(C6H1204 + C4H80 + 2C0 (44)
+ +
Fe(CO)2 + 15-crown-5 — Fe(C8H]605) + C,H, + CO (45)
+ +
Fe(CO)3 + 15-crown-5 — Fe(CSH]GOS) + C2H4 + 2CO (46)
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The product ion, Fe(C6H1204)+ in reaction (44) can be
formed by the mechanism shown in Scheme XIX. The loss of 2
CO's might be the result of strong interactions of Fe* with
oxygen atoms in 15-crown-5. Fe(CzHGOZ)+ and FeCO(C2H602)+
in reactions (42) and (43) are formed by the mechanism shown
in Scheme XV. Instead of forming the Fe(C8H]403)+, which is
formed in the Fe' and FeCO+ reactions, these two products
are formed by retaining the smaller ligand (C2H602) with a
concurrent loss of 1,2 or 3 CO's indicating the preference
of iron ion to retain the smaller ligands (as noted by the
product distribution ratio, .2 for the reaction (42) and
only .06 and .05 for the formation of Fe(C8H1403)+ and
FeCO(CBH]403)+ respectively). Finally, a similar mechanism
to that shown in Scheme XIX can be used to explain the forma-
tion of Fe(CgHic0c)" in reactions (45) and (46). Note that
as in the 12-crown-4 case, CO Tligands appear to be important
in forming this big metallocyclic product, since the energy
which can be used for B-H shifts is instead used to break
M*-CO bonds.

4. Thermodynamic Conclusions

Table 6 lists all neutrals lost in the Fe(CO)x+
reactions with linear ethers, polyether, cyclic ethers and
polyethers which we have just discussed in last sections and
branching ratios. (Product distributions)

Fe' induces the rearrangement of dimethylether into

CH20 and CH4, but FeC0+ does not. This can be readily
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understood in terms of thermodynamics: (Dimethylether will

displace one, but not two CO's from Fe+)

Assumption

Fecot + CH;0CH; ——> Fe+(CzH60) co AH <0

3 rxn

Fe+(CO)2 + CHa0CH; —%— Fe+(C2H60) +200  AH_ >0

This implies that the initial Fe'-dimethylether inter-
action energy s 27.17 kcal/mole < D(Fe' — Me,0) < 73.17
kcal/mole.

Note that there are two ways to interpret these

results. (A1l AHf's are taken from ref. 142 and all units

are in kcal/mole).

A. In terms of bondstrengths

FeCO® Fe' + €O .*. AH = 27 kcal/mole
282 -26.42
Fe(C0)2+ ——Fet + coO .. AH = 73 kcal/mole
282 -52.83

27 kcal/mole < D(Fe+-Me20) < 73 kcal/mole
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B. In terms of heats of formation
+ +
FeCO + CH3OCH3 > Fe(CzHGO) + CO,

228 -43.99 -26.42

. +
. AHf(Fe -MeZO) < 210

Fe(CO)Z + CHj0CH; —> Fe(C2H60)+ + 2C0,
156 -43.99 -52.83

. +

But,

+ + _ +
Fe(CZHGO) ——> Fe + C2H60 Aern = D(Fe —MeZO)

- D(Fe+-Me20) = AHf(Fe+) + AH.(Me,0) -
AHf(Fe+-Me20) = 282 + (-43.99) -

[165 < AH (Fe*Me,0) < 210]
-. 28 kcal/mole < D(Fe+-Me20) < 73 kcal/mole

If, however, the structure of Fe(C2H60)+ is really

CH -Fe+-0CH3, then

3

D(CH3-Fe+-OCH3) = A (Fe®) + BH.(CHg) + AHL(OCH,) -

(> 165)

+ -
AHf(CH3-Fe -OCH3) = 282 + 34.3 + 3.5 - (_ 210

109 kcal/mole < D(CH -Fe+-0CH ) < 155 kcal/
3 3 mole
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Also, the energies required to rearrange/fragment the
organic molecule are 0.9 kcal/mole and 82.6 kcal/mole for

the following two processes respectively

4 0.9 kcal/mole

_— CH3 + OCH3 AH 82.6 kcal/mole

Obviously, the first process (involves Fet insertion
into C-0 bond, followed by a B-shift) is a low energy pro-
cess, which has to pass through an intermediate (insertion
product) related to second process, in which the insertion
product is formed. Although B-H shifts might not require
energy (i.e. naturally occur), the extra energy after form-
ing the insertion product will be removed by the Fet-co

bond breaking (= 27.8 kca]/mo]e)]42

to get no further reac-
tion and stop at Fe(CH20)+

Since the initial complexation energy is smaller than
the energy required to dissociate dimethylether into CH3 and

OCH3, the real mechanism might look like:

Fg .Fe yd \
+ ! IR F/+ H

A CH3 CHB

(I1) (IL1) (1v)

CH4 + Fe(CH 0) é——-CH //JL\\
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Fet reacts with dimethylether to form (IV) with much
energy released which is available for further reactions.
However this energy will be taken away by a CO ligand in the
FeCO' reaction. This explains why precursors of (IV) are
composed of only 8.6% of Fe* and 91.4% of Feco* (see
Appendix F).

Analogously, diemthylether will displace up to three
CO's from Fe+ implying that the initial Fe+-diethy1ether
interaction energy is 96.6 kcal/mole < D(Fe+-Et20) <
133.3 kcal/mole.

The energies required for Fe* insertion into a C-0 bond

in diethylether, and for rearrangement procuts are:

62H50C2H5 — > C2H5 + 0C2H5 AH = 82.3 kcal/mole
—> C2H40 + C2H6 AH = 0.3 kcal/mole
— C2H50H + C2H4 AH = 16.8 kcal/mole

The second process is the lowest energy process among
these three processes. A possible reason why the formation
of Fe(CzHSOH)+ can displace up two CO's from Fet and only
one CO for forming Fe(C2H40)+ is that Fe' may form a stronger

bond with CZH OH than that of C2H40. However, it is not

5
understandable what makes so much difference in complexation
energy of Fe+ with dimethylether from that of diethylether.
Could it be from the polarizability difference?

The rest of the reactions can be explained in a similar

way. The data to date can be summarized as follows:
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1. Whenever B-H atoms are available, they will shift
to form stable products, following insertion into a C-0
bond. If CO ligands are present, the breaking of M -co
bonds may compete with this process.

2. A stable addition complex can only be formed with
the concurrent loss of one or more CO ligand on the metal
ion (to take away the energy).

143, is seen. In

3. A "mechanistic macrocyclic effect
the case of 12-crown-4, the Fet actually induces reactions
to product 9 products, but only one product is observed in
its linear analog (TDE).

4. In the case of 12-crown-4, we assume that the Fe+
actually induces reactions from "inside" the crown cavity.
This is implied by the fact that Fe* reacts with 12-crown-4
to form 9 different products, Feco® gives 7 products,
Fe(C0)2+ gives only 2 products, and as more CO's are added
to the metal, no reactions are observed. Thus, ligands can
prevent the metal from entering the crown cavity and induc-
ing reactions]43. However, this may not be true in the
15-crown-5 case, which has a larger crown cavity. Hence,
Fe* reacts with 15-crown-5 to form 7 products, Feco? gives
9 products, Fe(C0)2+ gives 6 products and both Fe(CO)3+ and
Fe(CO)4+ give 2 products respectively.

5. Many products of reactions involving cyclic poly-

ethers, 12-crown-4 and 15-crown-5 can be explained using a

double metal insertion, double B-H shifts process. In these
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reactions, CO ligands act predominately as spectators.

6. When CO's are present on the metal center, they
can act either as spectator ligands or as active groups
(vis MCO+ insertion). An alternate interpretation is that,
after MY-C bonds are formed, a CO 1igand on the metal may
insert into the M'-C bond.

7. The strength of a metal-ligand bond alone does not
guarantee complexation in the species studied here. 1In the
case of bulky ligands, the presence of 3C0's on a metal
center may prohibit sufficiently close approach for inser-

tion.

. .
II. Cr(CO)x Reactions With Ethers And Polyethers

A. Results

1. Linear Ethers and Polyethers

a. Cr+(C0)x reaction with dimethy]ether(CZQGQI

Ions formed as products of ion-molecue reactions in a
mixture of Cr(CO)6 and dimethylether are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)
98 Cr(C,Hg0)" cr*co, cr(co),”
+
126 Cre0(C,Hg0) cr(co),”, cr(co),*
+
144 Cr(C, Hg0)," crco’, cr(co),’, cr(co),”,

Cr(c0)4+
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b. Cr(CO)x+ reaction with diethylether
(€4H;40)
Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and diethylether are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)
96 Cr(c2H40)+ crt
110 Cr(c3H60)+ crcot
+ + + +
126 Cr(C4H;40) cr*, crco®, cr(co),
149 (C,H,~0) H' ocH,t, oc.H.t, C,H, 0"
4"0Y%72 3 0 UCoHg s CaHyy

The ion at m/e 149 is (C4H]00)2H+, the protonated
diethylether's dimer is formed by C4H”0+ reaction with a

neutral molecule of diethylether, which in turn is formed

+

+
by OCH3 and 0C2H5 .

c. Cr(CQ): reaction with triethylene glycol

dimethylether (TDE, C8ﬂ18Q41

Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and TDE are listed below, with their pre-

cursors as identified by double resonance.

m/e stoichiometry precursor(s)
84 cr(cH,0)* crco®, cr(co),’
+ +
+ +
96 Cr(C2H4O) Cr
+
98 Cr(C,Hg0)" crco®, cr(co),”, cr(co),

+ + +
101 C5H902 C3H60 or C2H202
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m/e stoichiometry precursor(s)

110 Cr(CyHg0)" crco®, cr(co),’

112 crco(cH,0)? crco®, cr(co),’

126 Cr(CaHg0,)" cr’, crco*, cr(co),’

128 Cr(C4Hg0,)" cr*, crco, cr(co),”

138 CrcocjH 0" cr(co),”

140 Cr(C0),CH,0" cr(co),*, cr(co),*

142 Cr(CyH 00,07 crco®, cr(co),’

156 CreoC,Hg0," crco®, cr(co),’

166 Cr(c0),C4Hg0" cr(co),’

168 Creoc,Hgo,” crco®, cr(c0),", Crcoc H.0"
170 CreoC,Hy 0, crco*, cr(co),”, crcoc H 0*

2. Cyclic Ethers and Polyethers

a. Cr(CO)x+ reactions with tetrahydrofuran
(THF, C,Hg0)
Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and THF are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
124 Cr(c4H80)* crt, crcot, Cr(c0)2+
+ +
152 Creo(c Hg0) Cr(CO)2+, cr(co);", Cr(co4+
+ + +
196 Cr(C4Hg0), crco”, Cr(C0)2+, cr(co),",

cr(c0),*, cr(c,ngn)?,
Crc0(c4u80)+
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b. Cr(CO)x+ reactions with tetrahydropyran

(THF, CgHqg0)

Ions formed as products of ion-molecule reactions in

mixture of Cr(CO)6 and THP are listed below, with their

precursors as identified by double resonance.

m/ e stoichiometry precursor(s)
110 Cr(C4Hg0)" crt, crcot
138 Cr(CgHyo0)? crt, crco’, cr(co),”
+ +
166 Crco(CgHy,0) cr(co),”, Cr(c0)3+
224 Cr(C5H100)2+ crt, crcot, Cr(CO)2+,
Cr(C5H]00)+

c. Cr(CO)x+ reactions with 1,3 dioxolan
(C3Hg0,)
Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and 1,3-dioxolan are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)
82 Cr(CH20)+ crt
+ + + +
126 Cr(C3Hg0,) cr®, creo’, cr(co),
154 Crc0(c3H602)+ Cr(CO)2+, Cr(c0)3+
156 Cr(c3H602)(CH20)+ crt, crcot, Cr(C0)2+,

+
Cr(C3H602)
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d. Cr(CO)x+ reactions with 1,3-dioxane

(C4Hg0,)

Ions formed as products of ion-molecule reactions in a

mixture of Cr(CO)6 and 1,3-dioxane are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)
82 cr(CH,0)* crt
110 Cr(CaHg0)" crt
112 Cr(C,H,0,)" crt
140 Cr(C Hg0,)- cr®, crco’, cr(co),’
144 CoHp,05" CaHg's C,Hg0", C,H,0,°
168 Creo(C, Hg0,)" cr(co),”, cr(co),’
170 Cr(CaHg0,) (CH0)T  CrF, Creo®, cr(c,H,0,)7
or Cr(C,H 0,)(C4Hs0)"
196 Cr(c0),(CaHg0,)  Cr(co),”
197 Cr(C0),C,Hg0,)"  C3H,0" or CoH50,7
228 Cr(C Hg0,)," cr*, crco®, cr(co),’,

+ +
Cr(C,Hg0,)", Cr(co),™,

+ +
Crco(C,aHg0,)™, Cr(co),

e. Cr(CQ)x+ reactions with p-dioxane (C4ﬂ8Q21

and its d3 jsotope

Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and 1,4-dioxane and p-dioxane-d8 are
listed in Table 7, with their precursors as identified by

double resonance.
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f. Cr(CO)x+ reactions with 12-crown-4
(CgHy604)
Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and 12-crown-4 are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)

96 Cre,H, 0" crt

112 Cre,H,0,° crt

128 Cre,H, 05" cr'
156 Cre Hg0," cr®, crco’, cr(co),’
200 Creghy,0,° cr*, crco®, cr(co),’
228 Cregh, 60,” cr’, crco®, cr(co),’

g. Cr(CQ)x+ reactions with 15-crown-5

{CyoH005)

Ions formed as products of ion-molecule reactions in a

mixture of Cr(CO)6 and 15-crown-5 are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)
+ +

110 Cr(CZHZOZ) CrCO

113 Cr(C,Hg0,)" crco®, cr(co),”
+ +

126 Cr(C4H]00) Cr
+ + +

156 Cr(C4H803) Cr , CrCO

+ + + +
200 Cr(C6H1204) Cr, CrCO, CY‘(CO)2
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B. Discussion

1. Linear Ethers and Polyether

a. Reactions of Cr+

Cr‘+ does not react with dimethylether. Products of
Cr+ reactions with diethylether and TDE are listed in the

following.

ort 40— ort(C,H,0) + CyHg (47)
.36, cr¥(C4H00)
cht+ 0 0 0 0 =66, crt(c.H,0) + C (48)
ch, —0 RO, iy 2ty 611403

.16,
Cri(CaHg0,) + CGH 1095 (49)
.18,

crt (C3Hg0,) + Cs“1z°2(5°)

Reactions (47)-(50) can be explained again based on
what was discussed in the case of Fe+, namely, metal ion
insertion, followed by a B-hydrogen shift. This is shown

below and in Scheme XXI.

+ +7 crtoo
Cr + 0 —_ (Cr — AT
~ ! l ¥ cH

I

Cr(C 0 ) + C,H 6

Note that Cr+(C3H802) and Cr+(03H602) in reactions
(49) (50) are formed following insertion into the bond

between skeletal atoms 5 and 6, which is in contrast to Fe+
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which inserts into the bond between skeletal atoms 4 and 5
(p. 56). Attack of a more centrally located bond in the
polyether may be evidence for a symmetric intermediate in-
volving multiple metal-ligand interactions. This possibi-
Tity is shown as the first step in Scheme XXI.

Also, the strong Crt-0 interaction (D(Cr*-0) = 77 + 5
kcal/mole) may favor the formation of small ligands with
more oxygen's than does Fe+ - explaining the difference in
site of attack for Fe+ and Cr+. In Scheme VXI, both possible
B-H atoms can shift to get corresponding products. How-
ever, there is only one B-H shift which occurs in the case
of Fe+. The probability of such a H-shift depneds on the
stability of the final product. Both pathways in Scheme
XXI form ligands which can donate 4 electrons to the elec-
tron deficient metal. Thus, the option of which B-H's will
shift is related in part to the ability of the final pro-
duct to be a good ligand (strong bond to Fe+).

Cr+ also reacts with TDE to form CrCZH40+ (reaction
(48)). A variety of mechanisms have been considered, how-
ever none are consistent with other mechanisms and observa-
tions. We can speculate that, to form a rearrangement
product consisting of 2 carbons and one oxygen, an insertion
into the bond between skeletal atoms 3 and 4 by crt would
be necessary. However, this intermediate, has no H atoms
which are B - to the metal. The intermediate, written as

follows, shows that a six-membered ring intermediate Could
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form a 4-membered ring product CrC2H40+ with subsequent loss

of CH3(0C2H4)20CH3.

CH—H CH
0 2 yd AN
Q CHy—0 0 0cH, 0 Cr' + CHy0 0 OCH,
CH, cr¥” CH
i
Cr+...0<] “—> Crf---ﬁH
CH,

Note that the explanation above is based on Cr+ inser-
tion into a C-C bond instead of a C-0 bond, which is not
usual, because Cr+-a1ky1 bonds are weak.

TDE, then, appears to react via the same mechanism as
diethylether. Cr+ and Fe+ apparently choose to attack dif-
ferent C-0 bonds of this polyether. This choice may be in
part forced by the structure of the initial metal-ligand
complex, and further favored by the stabilities of the
final products.

b. Reactions of CrCO+

The crc0t reactions with dimethylether, diethylether

and TDE are summarized on the next page:
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+ +
Creo* + CHl0CH; ——> cr(C,H 0)" + co (51)
= '
Cr(CZHGO)2
crco® + ~0 - —23 cr(cgHg0)* + C,H,0 (52)

.67, Cr(C4H]0)+ + CO

crcot + CH30 9 9 0CHs 2225 cr(C Hg0)* + CgHy, 04 + €O (53)
=207, CregHg0," + CgHin0, + €O (54)
013, CreaHg0," + CgH 0, + €O (55)
005, creoc g0, + Ch g0, (56)
:069, CrCH,0H" + CoHy,05 + €O (57)
179 crcocHyon* + ¢ H, 0, (58)
- 104, CreaH0" + CgHy, 05 + CO (59)
011, CrCaH g0,  + C4Hg0, + €O (60)
U0, creocyHg0,t + Cutig0,  (61)
293, crcoc,y 00, + C4Hg0, (62)

crcot reactions with dimethylether and diethylether only
result in ligand substitution and successive reactions. The
product in (52) is not formed by crt alone. If the metal
inserted into a C-C bond, there would be no B-H shift and
eliminate CH4. Thus, we conclude that the CO of crcot s

actively involved in the process and inserts in toto into
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the C-0 ether bond. Based on past observations, the neutral

product of (52) could be C,H,a0 or [cO and CH4].

0
0 1
+ ~_ .t
Creo” + \_0_ — \\\T/// Cr—C.
H

l

i i
H——ﬁ + ﬁri—c —> Cr(c3H60)+
CHy H

This mechanism leads to acetaldehyde as the neutral lost
in (52).

The products in (54)-(56) were formed by crt alone, and
thus have been discussed in Scheme XXI. Apparently crcot
extracts methanol from TDE. Cr' alone does not do so, how-
ever the CO is not actively involved in the mechanism, since
both CrCH30H+ and CrCOCH30H+ are products. Thus, we inter-
pret this via M* insertion process, in which the CO acts as
a spectator ligand as shown in Scheme XXII. Once the metal
center has induced the elimination of metanol from TDE the
Cr(CH30H)(C0)+ can use the remaining available energy to
break the weaker metal ligand bond, Cr*-CoO.

The products in (60)-(62) can also be explained by
crcot insertion into the central skeletal bond of TDE as
shown in Scheme XXIII. Note that both CrC0C4H802+ and
0,% have a small contribution from m/e 138,

1072
CrC0C3H60+, as their precursor, however, it would not be

CrCOC4H
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Scheme XXII.

+
CrC0 + MeO 0 0 OMe
/S v

|

cnjo——c::‘“—cm2
—\"\
H—CH—o0 0 Me
\_/\_/o

co
+
CrCHBOH 4-——-c53—o— \*H + \—o p pre

- |

(mgou)c’i-(co)

Scheme XXIII

C;CO + MeO \_/o\_/o\Jom
|

Cco
0
N NN e S NP

0
+ R ||
Cyfigd, + CrCOCH) 0, ¢— EZ S -
B d oM
|
CHO.+ CC,H, 0 / (€. H40)
5Hg05 3ty 02 stig04
+
CyHy o0
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expected to be reactive enough to experience successive
reactions with large molecule like TDE.*

Also note that the formation of CrCOC4H]002+ illus-
trated in Scheme XXIII occurs when CrCO' inserts into a C-C
bond, followed by a B-H shift, and the CO is retained on the
metal center.

Products in (59) are formed by the same mechanism as
in Fé+ case, where the metal ion inserts into a C-0 bond
(skeletal atoms 4 and 5), followed by a B-H shift. Since
cr’ does not do so, but both CrC3H602 and CrCOC3H602+
products, the CO on crt might be a spectator as described
above in the formation of CrCH30H+. The formation of
Cr(C2H60)+ in reaction (53) is again explained by crcot in-
sertion into skeletal atoms 3 and 4, so that B-H is availa-

ble for shifting.

* This is based on the assumption that a large molecule such
as TDE has a steric effect which could prevent CrCOC3H50
from approaching TDE to do any insertion, B-H shift process
i.e.

CH CH CH
3\'0~ ) . 3\0 . I/ 3
h.' - + - e l +
E:zcr 0 + TE —%—> EZ (G + 0+ Cg0,
CH,
n/e 168
CHB\Q\
s ko3
&',;2' \czn5
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c. Reactions of Cr(CO)xi

Higher CO-containing chromium ion reactions with

diemthylether, and diethylether only give substitution

reactions. However, it is more striking to realize that all
of the products for TDE are reactive rearrangement of TDE -
none are simple CO displacements. This may reflect the
ability of TDE to complex stepwise with the metal center
i.e. - initial complexation may involve one oxgyen of the
ligands. As further oxygens interact, additional energy

is made available for metal-induced decomposition of the

polyether e.g.

CO

o © 0 o0 -®© g \/Y}
ANNNL P

+
C6l'l:'.202 + CrC3H602
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CO here also acts as an energy mediator to stabilize
the system, so that crt can interact with another oxygen

without decomposing.

2. Cyclic Ethers

. +
a. Reactions of Cr

Cr' doesn't react with THF except by forming an addi-
tion complex. It reacts with THP to form only one product,

Cr(C3H60)t which can be explained analogously to Fet

+
Lr

AN

crt + THP o;" ‘7 _ Cr(C3H60)+ + C,H,

3. Cyclic Polyethers

a. Reactions of Cr+

cr’ reactions iwth 1,3-dioxolan, 1,3-dioxane, p-dioxane
(d8), 12-crown-4 and 15-crown-5 are summarized in Table 8.

Presumably, the products in (63), (64), (65), (66),
(67) can be explained in terms of the mechanisms which have
been proposed for Fet (p. 64) for the reaction of crt with
1,3-dioxolan, 1,3-dioxane and p-dioxane. Note that crt s
even more "selective" compared with Fe+. crt reactions with
1,3-dioxolan and 1,4-dioxane give only one product, Cr(CHZO)t
On the hand, the reaction of crt with 1,3-dioxane produces
the same products as Fet except for Cr(C2H4)+. Two impor-
tant factors may control these product distributions:

(1) crt forms strong bonds with oxygen (77 + 5 kcal/mole,
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Table 8. Cr+ Reactions With Cyclic Polyethers

crt o+ LN Cr+(CH20) + C,H,0 (63)

L, Cr(CH,0) (C4Hg0,) "

0

crt o+ O =38 cr¥(CH,0) + C4HgO (64)
- 10, Cr+(C3H60) + CH,0 (65)

.15 +

155 crf(c,H,0,) + CoH, (66)

36, Cr+(C4H802)

+
Cro + [zj =14, cr¥(CH,0) + C4Hg0 (67)

-26 , Cr+(C4H802)

+ .16 +
crt 4 [0 oj —=16, cr¥c,H 0 + CoHy,0, (68)
- 125 cr¥c,H,0, + CeHy,0, (69)
=33, crfe, H 04 + Cghyy0 (70)
.25 +
=255 crfc,Hgdy + CyHg0 (71)
.03 +

.05 +

0
v, (OO X
] .69 +
Co > Cr(CaHgOs) + Cghyp0, (74)
\_/ .04 +
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see (Table 2) compared with Cr+-C(H2)(R) (37 + 7 kcal/
mole), that is, it may prefer to produce products having

a high 0/C ratio and bonds to oxygen atom directly. (2)
Stepwise metal ion double insertion, followed by B-H's
shift is occuring so that chormium can insert into a bond
which is in geometrical proximity, due to a weaker initial
complexation energy as a driving force (see thermodynamic
conclusion section) as shown on page 113.

The chemistry of Cr+ with 12-crown-4 differs from that
of Fe+, apparently due to the fact that, relative to Fe+,
crt interacts more strongly with oxygen and less strongly
with carbon.

The first product, CrC2H4O+ in (68) could be explained
using a mechanism similar to that in Scheme XII. Note that
products in (69)-(72) have ligands with a higher 0:C ratio
than those formed in Table 5 with Fe+. Consider the pro-
duct CrC2H402+. This could be considered as either Cr'
complexed to ?Egﬂﬁg or as a metallocyclic 5-membered ring.
The latter will be assumed because of the strong crt-0 bond.
These products can then be explained if the Cr+ complexes
in the crown cavity, and, because of its size, can only
interact with two oxygens at a time. Apparently no H-shifts
occur. The pathways leading to products (69), (71), (72)
are shown in Scheme XXIV. Note that all pairwise combina-
tions of oxygens are sampled.

The product in (70) has a very high 0:C ratio in the
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SCHEME XXV
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jonic product, and may be the result of the metal ion
"puckering”" up the molecule in an attempt to interact with

3 oxygens of the crown.

0 — CHy
CHZ/ ‘\‘ k} \ H/O
CY‘+ 2 \ +
AN . CH
‘ ‘n—" 2 H,C
0 0 2"
/

It is striking to notjce that Cr* forms an adduct ion
(addition complex) with 12-crown-4. Again, this could be
the result of the small metal ion puckering up the molecule
in an attempt to interact with 3 or 4 oxygens of the crown

117

as some alkali metal ions do However it is hard to

interact all 4 oxygens because Cr has a larger size than

the cavity of 12-crown-4, (Cr' has a radius of 0.81 A'46:147

compared with the cavity of 12-crown-4 which is 1.2 R -
1.5 R in diameter), Cr+ must be to some extent "away" from
the cavity center, which would result in a longer range
interactions (ionic rather than cova]ent)* with all four

oxygens and no bond breaking will occur. Fet has the same

tendency for interacting with both oxygen atoms and carbon.

* Cr+ has a 65 ground state corresponding to an [Ar] 3d5 con-
figuration!®7, "The next ex&ited state is 6D at 1.47 v,
corresponding to [Ar] 4s 3d%. Despite the energy gap of

1.47 eV, it was reported that a long-lived metastable excited
state of Crt exists in ICR on electron impact og
Cr(C0)gl141,148, It is not surprising that Crt(®S) will inter-

9
act wigh oxygen atoms electrostatically through both intrin-
sic and induced dipoles. To form covalent bonds, it has to
use an sd hybrid and Cr(6D) will form covalent bonds with

oxygens.
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If they interact, energy is released and much chemistry
occurs, since it can only form bonds covalently. Thus crt
exhibits quite a different chemistry with 12-crown-4 than
does Fet. This can be accounted for by the greater pre-
ference of Cr+ for bonding to oxygen, which appears to be
the predominant driving force in the Cr+ reactions.

The attempt to interact with 3 and 4 oxygens by crt
is also observed in its reaction with 15-crown-5. Products
in reactions (74) and (75), namely Cr(C4H803)+
Cr(C6H]204)+ were formed by the mechanism shown in Scheme
XXV, in which crt need only make an effort to pucker oxygen
atom #1, since oxygen atoms #7, 4, 13 are already on the
same plane.

The product in (73) can be explained by a mechanism
similar to that of in Scheme XIV - after forming an inter-
mediate (V) in Scheme XXV, crt inserts into two C-0 bonds,

followed by double B-H shifts to form Cr(C4H]00)+

Scheme XXV.

N
tsgﬁ\qftg Gifo 0
I T GE T S (O
\__J )
{\0:\") o7

ocr J — ch ]——) cr(c4n803) + 8

- N_J
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b. Reactions of Cr(CO)xi

Cr(CO)x+ (x = 1-6) reactions with 1,3-dioxolan, 1,3-
dioxane, p-dioxane, 12-crown-4 only result in the addition
complexes, substitution reactions and successive reactions.

Cr(co)x+ reactions with 15-crown-5 yield two new

products:
crcot + 15-crown-5 — Cr(CzH202)+ + CgHygly + €O (76)

Cr(CO)x+ + 15-crown-5 — Cr(C2H502)+ + CgHyg05 + xCO (77)
x =1,2

Products in (76) and (77) can be explained by a mechan-
ism similar to that shown in Scheme XIII. Formation of
Cr(C2H502)+ may be an indication that Cr+ is sequentially
inserting into C-0 bonds, followed by B-H shifts to avoid
an intermediate with an unusually high formal oxidation
state for the metal. Further B-H shifts might not occur if
they are geometrically inaccessible after one B-H shifts.
Referring to Scheme XIII, no products corresponding to
double or single B-H shifts from the larger ring side are
observed. Since Cr' has a strong bond energy with oxygen
atoms, the formation of products in reactions (76) and (77)
is accompanied by the loss of CO to carry away the extra

energy.
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4., Thermodynamic Conclusions

Table 9 lists all neutral lost in the Cr(CO)x+ reac-
tions with all the ethers discussed above and their branch-
ing ratios (product distributions).

Dimethylether can displace up to two CO's from Cr+, as
can diethylether, implying that the initial Crt-ether inter-
action, 66.2 kcal/mole < D(Cr+-Me20), D(Cr+-Et20) < 87.7
kcal/mole, is less than that of Fe+, 96.6 kcal/mole <
D(Fe+-Et20) < 133.3 kcal/mole, but larger than that of the
dimethylether case, 27.17 kcal/mole < D(Fe+-Me20) < 73.17
kcal/mole.

crt can only react with diethylether by H-shift
pathway (p. » Scheme X) to get Cr(C2H40)+. The difference
from that of Fet may be in part thermodynamics.

Recall,

CZHSOCZHS —— C2H40 + C2H6 AH 0.3 kcal/mole

— C2H50H + C2H4 AH 16.8 kcal/mole

Cr+ can induce the rearrangement indicated in the first
process, which requires very little energy, AH = 0.3 kcal/
mole. Fet induces both rearrangements. More energy is
required for the second process, AH = 16.8 kcal/mole. Thus
Fet forms "higher energy" products than does crt

However, one must be careful when thermodynamic conclu-
sions are drawn for Cr+, since electron impact on Cr(CO)6

produces excited states of Cr+]4]’]48. Nevertheless,
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although the dissociation energy of dimethylether into
CH20 and CH4 is only 0.9 kcal/mole, we neither see
Cr(CH20)+. nor addition complex from crt. The reason for
this is not clear.

It is of interest to note that no ion of composition
Cr(TDE)+ or Fe(TDE)+ was observed. In the case of
12-crown-4, no ion of composition Fe(lZ-crown-4)+ was

observed. Cr(lZ-crown-4)+ is formed, with 3 precursors:

crt + 12-crown-4 — Cr(12-crown-4)+
crco* + 12-crown-4  —— cr(12-crown-4)* + co

Cr(c0)2+ + 12-crown-4 —> Cr(12-crown-4)* + 2c0 (78)

Since Cr(C0)3+ is not a precursor to Cr(]Z-crown-4)+,
one may interpret this as an indication of the Cr+—crown

bondstrengths:

p(crt-co) + p(crcot-co) < p(crt-12-crown-4) <
p(crt-co) + p(crcot-co) + D(Cr(CO)2+-C0)

however, this may be an incorrect interpretation. The metal-
polyether interactions should be very strong; complexation
appears to release enough energy such that subsequent frag-
mentation of the polyether always occurs, except for Cr+,
which appears to form weaker bonds to ethers than Fe+.

Rather, the reaction
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/N

d o
cr(co),* + [ j ——5 cr(12-crown-4)% + 3¢0

may not occur because the carbonyl ligands prevent this
Targe ligand from getting close enough to the metal for
significant orbital overlap. This is very graphically seen
as we progress from diemthylether to diethylether to TDE to
12-crown-4. The reactions due to M(CO)n+ decrease as n
increases. Thus, reactions of M¥ alone are presumably due
to the metal in or very close to the crown-cavity. As CO's
are added to the metal, reactions occur with the metal out
of the cavity to the point where CO's prohibit metal-ligand
interactions with this bulky ligand. Thus, when 3 or more
CO's are present on the metal, sufficiently close approach
of the bulky 12-crown-4 ligand is prevented and no reactions,
not even simple idsplacement is observed.

Thus, it is difficult to interpret the data here in
terms of estimating M+-polyether bondstrengths. The Cr+-
12-crown-4 bondstrength, based on reaction (78) must be >
66 kcal/mole.

In conclusion, Cr+ has a weaker complexation energy
with ethers than Fe' does. Cr' doesn't form an adduct ion
with 15-crown-5, possibly due to the large cavity of
15-crown-5. As CO's are added to the metal, it only under-

goes substitution and successive reactions in smaller ethers.
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In the reactions with 12-crown-4 and 15-crown-5, however,
the interaction with these bulky l1igands is prevented or

confined to interact with only a few oxygens in the crowns.

III. Ni(CO)x+ Reactions With Ethers and Polyethers

A. Results

1. Linear Ethers and Polyethers

a. Ni(CO)x+ reactions with dimethylether
(CoHg0)
Ions formed as products of ion-molecule reactions in a
mixture of Ni(CO)4 and dimethylether are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)

88 Ni(CH20)+ Nnit, nicot

104 NI(C,Hg0)" Nit, nico®
. + . .

132 NiCO(C,H,0) N1(C0)2+, m(c0)3+
R R R +

150 N1(c2H60)2+ N1(C0)2+, Ni(C0),

160 Ni(CO),(C,Hg0)" Ni(C0)5*, Ni(c0),*
. . + .

178 N1CO(C2H60)2+ Ni(C0),", N1(c0)4+
. + .+ . .

190 Ni,C0(C,Hc0) Nit, Nicot, N12(C0)2+
. .+ . +

218 N12(C0)2(c2H60)+ Ni®, NiCO

b. Ni(CO)x+ reactions with diethylether
1£4ﬂ]ogl

Ions formed as products of ion-molecule reactions in a

mixture of Ni(CO)4 and diethylether are listed below, with



their precursors as identified by double resonance.

m/e stoichiometry

. +
86 Ni(C,H,)

. +
102 Ni (C,H,0)

. +
104 Ni (C,HgOH)

. +
132 Ni (C4H;40)
143 Ni(c0)3H+

. +
145 Ni(C0),(0CH,)

. +
155 Ni(C0),C4H,)
160 NiCO(C4H]00)+

. +
188 Ni(C0),(C4Hyp)
197 (CyHy00), (C3H7)
206 N1(C4H]00)2

+

R +
218 Ni,C0(C,4Hy,0)
234 NiCO(C4H]00)2+

precursor(s)

Nit

Nit, Nicot

Nit, Nico®

Ni T, NiC0+, Ni(C0),"

CoHg"

CH30

+

C3H5 , C3H70

m(cO)2 , Ni(C0)3+

Ni(C0)3+, Ni(c0)4+
+

CH40

Ni(c0),", Ni(C0)3+,

N1CO(C,H ]00)

nit, nicot

N1(C0)4 , Ni(CO),(C,H ]00)+

H

The ion of m/e 143 is a proton transfer product. The

ions of m/e 145, 155, 191 are products from organic ion

reactions with neutral Ni(CO)4 formed from OCH3 and C3H5 .

c. Ni(co)

x+ reactions with triethylene glycol

dimethylether (TDE, C8ﬁ1894l

Ions formed as products of ion-molecule reactions in a

mixture of Ni(CO)4 and TDE are listed below, with their

precursors as identified by double resonance.



n/e
102

103
116
118
130
133
134
144
148
160
162
163
188

204

221
236

stoichiometry

Ni(C,H,0)"
NiC,Hz0"
NiCaHg0"
Ni(C4Hg0)"
NiCO(C,H,0)*
Ni(C4H,0,)"
Ni(C4Hg0,)"
NiCO(C3Hg0)
Ni(CaHy0,)"
NiCO(C4Hg0,)"
Ni(CgHy,0,)"
Ni(CqHg04)"

+

Ni(C0),(C5Hg0,)

. +
Ni,C0(C,H,0)

R +
Ni(CHq,03)

. +
N1(C7H]504)
Ni (TDE)"

125

precursor(s)

Ni ¥

C,H30", C4H,07
Nico*

Nit, nicot

Nico*

Ni*, Nicot

Nit, Nico®
Ni(c0),", Ni(co),?
Ni*, nicot

NiCO™, Ni(C0),", Ni(C0),*
ni*, Nico*, Ni(co),”
Nit, nicot
Ni(C,Hg0)*, Ni(CO),",
Ni(c0),”

Nico®, Ni(co),”,
Ni(c0),*, Ni(c0),”
Nico*, Ni(CO),’
Ni(€0),", Ni(co),*
Ni(c0),”



Cyclic Ethers and Polyethers

a. Ni(co) * reactions with tetrahydrofuran
X

THF

Ions formed as products of ion-molecule reactions in a

mixture of Ni(CO)4 and THF are listed below, with their pre-

cursors as identified by double resonance.

m/e

100
102
112
127
130
155
158
186
202

216
230

244

Note that C_,H +

stoichiometry

precursor(s)

Ni(C4Hg)"
Ni(C,H,0)"
Ni (CyHg)”
NiCO(CqHg)"
Ni (THF)Y

Ni(c0)2(c3H5)+

Nico(THF)?
Ni(CO)Z(THF)+
Ni(THF)2+

NiZCO(THF)+
. +
N12(THF)2

Ni,(C0),(THF)*

35

NiT, Nicot

NiT, Nicot

Nit, Nicot

CyHg”

Nico®, Ni(co),”

CoHg"

Nico*, Ni(co),”
Ni(c0)3*, Ni(co),”
Nico*, Ni(co),”,
Ni(C0)5", NiCO(THF)®
Ni*, Nico®, Ni,(c0),*
Ni(€0),*, Ni(c0),*,
Ni(€0),%, Ni(C0),(THF)?
NiCO

can displace up to 3 CO's from Ni(CO)4

to produce m/e 127, NiCO(C3H5)+ and m/e 155, Ni(CO)z(C3H5)+.
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b. Ni(CO)x+ reactions with tetrahydropyran

(THP, C.H,00)

Ions formed as products of ion-molecule reactions in a

mixture of Ni(CO)4 and THP are listed below, with their pre-

cursors as identified by double resonance.

m/e stoichiometry precursor(s)
. + .+
112 Ni(C4H) Ni
. + +
127 NiCO(C4Hg) CoHs
144 Ni (THP) T Nicot, Ni(c0),"
. + +
155 Ni(C0),(CgH,) C3Hg
172 Nico(THP)Y Ni(C0),", Ni(c0)3+
206 Ni(CO)z(THP)+ Nicot, Ni(C0)3+, Ni(c0)4+
230 Ni(THP)2+ Nicot, Ni(C0)2+, Ni(c0)3+
NicO(THP)?

Note that C3H * reacts with Ni(CO)4 to form m/e 127 and

5
m/e 155 as was observed in the mixture containing THF.

c. Ni(CO)x+ reactions with 1,3-dioxolan
(C3H605)
Ions formed as products of ion-molecule reactions in a
mixture of Ni(CO)4 and 1,3-dioxolan are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry precursor(s)
86  Ni(C,H,)" it

88 Ni(CH20)+ nit, nicot
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m/e stoichiometry precursor(s)

102 Ni(c,H,0)7 Nit, Nico®

130 NicO(C,H,0)" C,H, 0"

132 Ni(C4Hg0,)" Nico®, Ni(c0),”

160 NiCO(CgHg0,)" Ni (€0),%, Ni(co),’

188 Ni(C0),(CgHe0,)" Ni(c0),%, Ni(co),”

206 Ni(CaHg0,)," Ni(c0),", Ni(c0),",
N1CO(C4He0,)"

216 Ni(C0)5(CgHg0,)" Ni(c0),"

. + . + . +
234 N1C0(C3H602)2 N1(C0)3 . N1(CO)4
Ni(C0),(C5Hg0,)"

Here, the reactive ofganic species is C2H40+, which

reacts with Ni(CO)4 to displace 3 CO's.

d. Ni(CO)x+ reactions with 1,3-dioxane

(C4Hg0,)

Ions formed as products of ion-molecule reactions in a

mixture of Ni(CO)4 and 1,3-dioxane are listed below, with

their precursors as identified by double resonance.

m/e stoichiometry A precursors(s)
86  Ni(C,H,)" it
88  Ni(CH,0)" Nit, Nico®
. + +
115 Ni(C4H,0) C3Hg0
118 Ni(C,H,0,)" Nico®

. + ot
132 N1(C3H602) NiCO
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m/e stoichiometry precursor(s)
. + + +
145 Ni(C0),(0CH,) - CyHg", OCH,
146 Ni(C4Hg0,)" Nit, Nico®, Ni(co),”
160 NiCO(C3Hg0,)" Ni(C0),", Ni(c0),"
. + . + . +
174 NiCO(C4Hg0,) Ni(C0),", Ni(CO),
188 Ni(c0)2(c3H602)+ Ni(C0)3+, Ni(C0)4+
202 Ni(c0)2(c4H802)+ Ni(c0)4+
. + o + . +
220 N1(C4H802)(C3H602) NiCO , N1(C0)2 .
R +
Ni(C4Hg0,)
. + R . R
234 Ni(C4Hg0,) Nicot, N1(C0)2+, N1(C0)3+
+ +

N'i(C4H802 R NiCO(C4H802)

Where m/e 115 and 145 are products arising from the

C3H50+ and OCH3+ jon-molecule reactions with netural Ni(CO)4.

e. Ni(CO)x+ reactions with 1,4-dioxane

(ChHg05)

Ions formed as products of ion-molecule reactions in a

mixture of Ni(CO)g4 and 1,4-dioxane and p-dioxane-dg are
listed in Table 10, with their precursors as identified by
double resonance. Note that m/e 87 was formed by H atom

abstraction by Ni+.

£, Ni(CO)x+ reactions with 12-crown-4

(CgHy504)

Ions formed as products of ion-molecule reactions in a

mixture of Ni(CO)4 and 12-crown-4 are listed below, with

their precursors as identified by double resonances.

,
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m/e stoichiometry precursor(s)

100 Ni(C,H,0)* Ni*, Nico®, Ni(co),”

102 Ni(C,H,0)7 Nit, nicot

103 Ni(0C,Hg)? C,Hg0"

118 Ni(C,H,0,)" Ni*, Nico®, Ni(co),”

146 Ni(C Hg0,)" NiCO", Ni(c0),*, Ni(co),;*

157 NiCO(C,H30)" C,H50"

174 NiCO(C4HgO0,)" Ni(C0),", Ni(co),",
Ni(c0),”

178 Ni(CgHy,05)" Ni(c0),", Ni(co),?

202 Ni,C0(C,H,0,)" NiT, Nico®, Ni,(co),”

204 Ni,CO(C,H,0,)" Ni*, Nicot, Ni,(c0),”

206 NiCO(CgH,,0,)" Ni(c0),", Ni(co);",
Ni(co),*

214 Ni,(C0),(C,H,0)7 Ni*, NiCOT, Ni(C,H,0)*

216 Ni,(C0),(C,H,0)" Ni*, Nico®, Ni(c,H,0)"

232 Ni(CgHy40,)" Ni, Nico”

238 Ni(CgH g0,)" nico®, Ni(co),t, Ni(co),",
Ni(C0),*

Note that C2H50+ is the most prominant ion in EI
spectra of all crowns]49. The ions m/e 103, 157 are formed

from C2H50+ and C2H30+ reactions with netural Ni(C0)4.

g. Ni(CO)x+ reactions with 15-crown-5
{Cq0Hp005)
Ions formed as products of ion-molecule reactions in a

mixture of N'i(CO)4 and 15-crown-5 are listed below, with
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their precursors as identified by double resonance technique.

m/e stoichiometry precursor(s)

118 Ni(C,H,0,)" Ni*, Nico

162 Ni(C,Hg03)" NiT, Nico®

190 Ni(CgHy,04)7 nit, Nico®

192 Ni(CgHy,04)" nicot

207 Ni(CgHy30,)" Nit, Nico®

278 Ni(CqH,005)" Nit, Nico®, Ni(co),”,

Ni(c0),*, Ni(co),*

B. Discussion

1. Linear Ethers and Polyethers

a. Reactions of Ni+

Ni+ reactions with dimethylether, diethylether and TDE

are summarized below:

0
N+ N 28 ni(en,0)* + cHy (79)

CH, CH

0.39 Ni(C,Hg0)*
Nit o+ 0 _0.47, Ni(CyHy) " + CoHg0 (80)
9—'1—2—>Ni(c2H40)+ + C,H, (81)

0.20 .
— N1(CZH60) + CoH, (82)

0.21 . +
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o+ 006] 3 +
0.]0 3 +
—> N1(C3H80) + C5H]003 (84)

0.07 . +

0.10 . +

0.03 . +

0.02 . +

+ C4H802 (87)

10.06 , |~n'(c4ugo3)+ + C4Hg0 (89)

Products in reaction (79)-(82) are similar to those
reported for Fet Note that Ni(CH20)+ doesn't undergo succes-
sive reaction. Also, Nit can directly form an addition com-
plex with diethylether. This may, perhaps, indicate that Nit
has a weaker complexation energy with oxygen in ethers than
Fe* or cr'.

Products in (83), (85), (86) and (88) can be explained
similarly to that of crfin (48)-(50) except that no B-H
shifts in (85). It may shift but be retained on the metal

center. The product in (84) can be explained in a similar

way:
0 CH
Ni+ + TDE —— MeQ\_/ﬂ://J\V/O pMe —_— Ni+---0<: ’ +
H CH3
0O 0 OMe
\WAW/

The product in (87) might be formed similarly to that
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in (83):
o,
. +
| 3-</&H ;:}————9 N1(C4H]002) + [i:]
\_@_/

The product in (89) is hard to explain. One possibility
is that Ni¥ inserts in a stepwide manner into C-0 bonds

between skeletal atoms (5,6) and (10,11):

Me
0
+
Ni + Me0 O O OMe ——> Me0O O +
WARAW, ~nvi S

0. OMe

()
9 0\]———>Ni(C4H

0.)"
Me

903) + C4Hg0

b. Reactions of Nico™

NiCO+ reactions with diemthylether and diethylether
only result in substitution and successive reactions. Nico*

reacts with TDE yielding some new products:

NiCO" + TDE ——— NiC4H 0" + CLH ,05 + CO (90)
—— NiCO(C,H,0)" + CcHy,0, (91)
—— NiCO(C4Hg0,)" + CcHy,0, (92)
L—5 Ni(CyH1,05)" + CH,0 + CO (93)
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. +
—_— N1(C7H]504) + CH3 + CO (94)

Products in (90 and (92) follow the same mechanism as
that in (84) and (86) except that the B-H shift occurs
from the "other" side after Ni' inserts into C-0 bonds. In
both cases, CO acts as a spectator with and without con-
current loss of CO in (90) and (92) respectively.

The product in (91) is 28 mass units above Ni(C2H40)+,
however, the incorporation of CO might be an indication of
a different mechanism, because it makes a B-H shift availa-
ble for shifting after NiCO+ inserts between skeletal atoms
3 and 4. Similarly, the product in (93) can be explained
by Ni* insertion into the C-0 (skeletal atoms 10 and 11),
followed by a g-H shift. The formation of Ni(C;H 50,)" is
a high energy process, i.e. once Ni* inserts into the CH3-0
bond, it eliminates the "CHg radical.

Ni(CO)x+ reactions with diemthylether, diethyiether and

TDE only are substitution reactions. However, one important

result has to be mentioned here:
Ni(C0)," + TDE —> Ni(CO),_,(TDE)™ + (x-2)c0
X = 2,3,4

Hence, the formation of the Ni(TDE)+ adduct ion is
different from what we have seen in the Fé+and Cr+ cases

where the interactions between the metal center and oxygen
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atoms (or -CH2-) are so strong that both Fe+ and Cr+
easily induce fragmentations.

From Table 2, it is known that the bond energies of N1’+
to oxygen, a methyl group and hydrogen are small (D(Ni-0) =
45 kcal/mole, D(Ni*-CHy) = 49 kcal/mole and D(Ni'-H) = 43
kcal/mole) so that it can form an addition complex and
randomly insert into any C-0 or C-C bond in TDE as shown
in Scheme XXVI.

Also, the odd mass products corresponding to either no
B-H shift or H atom retention by the metal were observed in
the reactions of Ni® and TDE.

The Nit and NicO® reactions with TDE can be summarized
in Scheme XXVI (the numbers on the arrow bar are the skele-
tal atoms of TDE and are used to indicate the bond into which
Nit inserts to yield reaction products).

Scheme XXVI.

bonds

being
inserted reactions

My o @ ) P 2t @), (1)
3 405, (84), (90)
56 (85), (86), (92)

27— (87)
28 (g8)
10,11, (93)

a2 (o)
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2. Cyclic Ethers

a. Ni+ reactions with THF and THP

The N1‘+ reactions with THF and THP are summarized below:

Nit + THE ——30, Ni(C,Hg)* + H,0 (95)
| .27, Ni(C4Hg) " + CH,0 (96)
| .43, Ni(C,H 00" + C,H, (97)
Nit + THP ———— N1‘(C4H6)+ + CH,0 (98)

Products in (95), (96) and (98) are similar to those
observed for Fe+. However, the product in (97),
Ni(C2H40)+, is a new product, and can be explained as

follows:

Note that the enol ligand might rearrange to keto from

which is more stable.
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b. Ni(CO)x+ reactions with THF and THP

As the number of CO's present on the metal increases,

ligand substitution becomes the predominant process.

3. Cyclic Polyethers

.+ .
a. Ni reactions

Nit reactions with 1,3-dioxolane, 1,3-dioxane, p-
dioxane (d8), 12-crown-4 and 15-crown-5 are listed in Table
11.

Again, most reaction products have been observed in the
reactions of Fe' with 1,3-dioxo]an; 1,3-dioxane, p-dioxane
and 12-crown-4 except that Ni(C2H40)+ is present in the
reactions (106) and (109). Presumably, the formation of
Ni(C,H,0)" in reactions (101), (106) and (109) follows the
same mechanism as was explained in Scheme XII. Note that
Nit also reacts with 12-crown-4 to give Ni(C8H]404)+ with
an elimination of one molecule of H, as shown in reaction
(111). This result implies that Ni+ actually interacts with
one or two oxygen atoms only, and then inserts into a C-0
bond, followed by the B-H shift.

Products in (112) and (113) are similar to that ob-
served for Fe' as shown in Scheme XV and XVII. Products in
(114) and (115) can be explained in terms of Scheme XXVII
and XXVIII.
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Reactions With Cyclic Polyethers

Mt + 6™ —
\—/

R +
-—-—)Nl(CHZO) C,H,0

132 4 nice 114)+ + @0,

24 —=— Ni(C Hho) + CH,0

.37

Ni' +@

+
—R(CHy) *CH0,
u—3a—>m(cuzo) +c3H60

Nit+ (é—\ 2) —B8 Ni(C,H,0 e CeHy1,04

+ - .20 +
Ni +é E] ——9N1(czn402) +Cgh; 604
.12

Nl(c,+11803) + CgH, 50,
Ni(C6H1203) + CyHg0,

25, Ni(C4Hg0, )

<29 _sNi(cH,) +0,H,0,

-8, Nl(CHZO) +C3H60

-10 Ni(cznqo) +C,H,0
11

1 SN(CyHg0,) +C,H,

21, N1(C4H802)

05 ..
F—5—>N1(czuqo)++ Cel
28

*-QL-»Ni(caaHo#)ﬁ H,

.07

i»ru(clonzoos)*

12°3
. +
——— Ni(C,H,0,)" +C¢gH,,50,

(99)
(100)
(101)

(102)
(103)

(104)
(105)
(106)
(107)

(108)
(109)
(110)
(111)

(112)
(113)
(124)
(115)
(116)
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Scheme XXVII

H
+ 0
\NEQ —> Ni(Cghy,05) + [oj

H
Leoa, L

28 -1 C‘--n; +  CHQ,
P

CH 5

Scheme XXVIII

0/5» | C(\ + °H+/
){-t.,"',-'o '*")l: \N{_{ [ :l + CyH0

The formation of the adduct ion, Ni(c10H2005)+ might

indicate that N1‘+ interacts with one or two oxygens in the

crown and since their interactions are not so strong, frag-
mentation does not occur.

b. NiCO+ reactions

NiCO+ reactions with 1,3-dioxolan, 1,3-dioxane, p-

dioxane, 12-crown-4 and 15-crown-5 are summarized below:
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A\
+ 0 0 14 +
NiCO + \J _ Ni(CHZO) + C,H,0 + €O

1-67 N1’(C3H602)+ + CO

.19, Ni(C,oH,0)% + CHYO + CO

Nnicot + 0 =09 Ni(CH20)+ + CqHg0 + CO
.23 . +

|20, Ni(C4Hg0,)* + CH, + CO

1285 Ni(C,Hg0p)* + CO

0

Nicot + E:I =27, N1‘(CH20)+ + C3H60 + CO
0 |

09 5 Ni(C H,0)F + C.H,0 + CO
2Hq 2Hq

.09 , Ni(C,H,0,)% + C,H, + CO

55 5 nj (c4|1802)+ + CO

0/'—\

Nico*+[_ O:J =325 Ni(C,H 0)" + CeHy, 05 + €O
U =05, Ni(c,H,0)Y + C.H,,0, + CO
2M4 6712°3

=36 5 Ni(C,H,0,)" + C.H,.0, + CO
2"4Y> 671272

014\ > +

5 N1(C4H802) + C4H802 + CO
A1 s +

.02 ; +
— Nl(C8H1604) + CO

(117)

(118)

(119)

(120)
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0’/\7
S + (\ 009 o +
NiCO + 0 —_ N‘(C2H402) + C,H,.0, + CO

f:] 81673
.06 . +
=12, Ni(CgH,,05)" + CyHg0, + €O

=04, Ni(CgHya05)" + C4Hg0, + CO
24 + (121)

- 46, Ni(CqoHy005) " + CO

Reactions (117)-(121) are "new" (not previously
observed) reactions. Products in (117), (119) can be ex-
plained in a manner similar to what was discussed for Fet as
shown in Scheme XII. These two product ions (NiC2H402+ and
NiC4H802+) do not have N'i+ as a precursor. Apparently,
when Ni+ complexes with a polyether, the interaction energy
is sufficient to induce certain fragmentations. When the
reactant is N1C0+, the energy "deposited" into the polyether
varies, since the cleavage of the M-c0¥ bond can compete for
the available energy. The same reason is also applicable
concerning the formation of the adduct ion, Ni(C8H1604)+ in
reaction (120). The product ion in (121) can be explained

by the mechanism in Scheme XXVII.

c. Ni(CO)x+ reactions
The reactions of Ni(CO)x+ (x = 2-4) with 1,3-dioxolan,
1,3-dioxane and p-dioxane are only substitution reactions.

Ni(C0)2+ and N1'(C0)3+ react with 12-crown-4 to give "new"
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. + . +
products, N1(C5H]203) and N1CO(C5H]203) :

Ni(C0) ¥ + 12-crown-4 — Ni(C5H1203)+ + (x-1) Co +

C H602 X = 2,3

4

N'i(CO)x+ + 12-crown-4 —> NiCO(C5H1203)+ + (x-2)C0 +

C4H602 X = 2’3’4

These two products can be understood in terms of the
structure as shown in Scheme XII (p. 74), in which the Nit
will interact with oxygen atom #1 and carbon atom #5 as

shown below:

It is of interest to note that both 12-crown-4 and
15-crown-5 can displace up to 4C0's from Nit. If the reac-
tions are induced from the cavity center, CO ligands on Nit
will prevent it from getting close to all of the crown's

oxygen atoms.
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4. Thermodynamic Conclusions

Table 12 1ists all neutrals lost in the Ni(CO)x+ reac-
tions with all ethers discussed above and their branching
ratios.

Dimethylether can displace one CO from Ni+, and diethyl-
ether can displace two CO's from N1+, suggesting that 6.58
kcal/mole < D(Ni+-Me20) < 71.17 kcal/mole. Similarly, for
diethylether, 71.17 kcal/mole < D(Ni*-Et,0) < 101.74 kcal/
mole.

In comparison with the complexation energy of Fe+, Nit
has a smaller complexation energy. Thus, we did not observe
Ni(C4Hg0)" as a product in the reaction of Ni' with diethyl-
ether, since less energy is available. Such an analysis in
the reactions with cyclic ethers and polyethers may not be
useful, since orbital comparability, orientation in Space and
many other factors are involved. Both THF and THP can dis-
place up two CO's from Fet and Ni+, but only one product is
observed in the reaction of Nit with THP, (which produced
three products in the case of Fe+). In contrast, Ni+ forms
three products in its reaction with THF, (which also forms
three with Fe+). The difference is that although both com-
pounds can displace up to 2C0's from both Fet and Ni+, the
bare Ni'* does not contribute to the formation of the addi-
tion complex. This in turn relates to the bonding of

ligands to the metal center and the orbitals used by the

metal center, etc.
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In the case of polyethers, the thermodynamics conclu-
sions are more difficult to make. The rough estimation of
complexation energy for Ni+ with TDE, 12-crown-4 and 15-
crown-5 will be greater than 126.32 kcal/mole. It is unclear
how many M*-0 interactions this figure reflects.

Obviously, many more experiments have to be conducted
for an understanding of metal ion-polyether interactions.
Metal ion reactions with multifunctional molecules are some
what an interface between molecular and bulk interactions.
Although the explanation of product ions is somewhat
speculative, this is the first attemp to carry out this kind
of study. Other attempts still have to be tried on smaller
molecules to determine other factors controlling the forma-
tion and distribution of products. Section 5 is an attempt

to do this.

+ + . +
xA,CMCMX AndN1L(2(nx In

Their Reactions With Ethers.

IV. Comparison Of Fe(CO)

Table 13 summarizes the ether reactions for Cr+, Fe+
and Ni+, (excluding successive reactions and complexation
reactions). By consulting Table 6, Table 9 and Table 12, it
is readily seen that, as the number of CO's on the metal
center increases, the "reactivity" decreases and only sub-
stitution reactions are observed.

In the reaction of Fe+, a clear macrocyclic effect is

observed, namely the number of products changes dramatically
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from linear polyethers to cyclic polyethers. THF and THP do
not produce as many products as diethylether, due to their
geometrical constrants, possibly leading to insufficient
orbital overlap. Hence, Fe(C0)2+ is still reactive in the
reaction with diethylether and unreactive in its reaction
with THF and THP. However, in its reactions with polycyclic
ethers, Fe* starts to interact with multifunctional atoms

to induce more products from the cavity center, exhibiting
macrocyclic effect with 12-crown-4. When the ring size
increases, this effect is decreased slightly and we expect
that the reactions may be more like those observed linear
polyethers in the reactions with 18-crown-6 and 21-crown-7
with Fe' inducing products more randomly, presumably due to
its incapability of interacting with all functional atoms

at a time. It is of interest to note that in the reactions
with small polycyclic ethers, the Fe(CO)x+ ions (x > 2) are
unreactive, possibly implying that geometrical restrictions
are present, although the initial interaction could be
strong. Moreover, in the 12-crown-4 and 15-crown-5 systems,
the addition complexes were not observed. Also, no substitu-
tion reactions occurred, suggesting that Fe+ interacts with
all oxygen atoms in the former and 3 or 4 oxygen atoms in
the latter and the interaction must be very strong to under-
go prompt fragmentations. It also implies that Fe+ induces

reactions from the cavity center or very close to it. Con-

sequently, as more CO's are present on Fe+, it can no longer
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get close to the cavity center of 12-crown-4. Note that we
also see some ligand effects, in which CO can act as either
a spectator or a participator to give new products which

are not seen in the ligand-free metal ion's case, especial-
ly in the TDE reaction.

The above model can also be applied to crt reactions
with the knowledge that crt prefers to retain bonds to
oxygen. Note that the formation of Cr(]Z-crown-4)+ may not
be the result of the interaction of Cr' with 4 oxygen atoms
from the cavity center, because it will result in fragmenta-
tion, due to its strong interaction with oxygen atoms.
Instead, it could be the result of interaction with two
oxygen atoms as in p-dioxane. Again, we have no evidence
that crt could interact with all 5 oxygen atoms in 15-crown-
5. The failure of Cr+ to form an addition complex with
15-crown-5 could be due to the insufficient oribtal over-
laps. Also note that CO ligands play an important role in
the reaction of this metal with TDE (see Table 9).

Since Ni¥ has relatively weak bond energies to oxygen
and alkyl groups, the interaction between it and ether
oxygen atoms is weak. Thus, we don't see the macrocyclic
effect in this case. From Table 12, it is seen that Nicot
produces more products than ER T "randomly" inter-
acts with the oxygen atoms in TDE to give many products.
However, when the reactant cyclic polyether is 12-crown-4,

it only produces 3 small molecular products, with another
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product having one H2 elimination. It appears that Ni+
only interacts with orbitals in close proximity, possibly
implying that the smaller size d-orbitals are used. Forma-
tion of addition complex of N1‘+ with TDE, 12-crown-4 and
15-crown-5 may indicate that Ni* is unable to interact
strongly with many oxygen atoms because of its low bonding
energy and that Nit can't efficiently overlap with orbitals
wich are far from it.

Another way to look at the product distributions is
from Staley's bond dissociation energy studies for two
ligands in the gas phase]ss']sz. Staley found that metal

jons are softer (based on HSAB theory) across the Periodic

Table in the following order:

W*, Lit, AT > mnt > FeBrt > cot = cpnit > Not > Nit > cut

They also found that the bonding distance of interact-
ing center of ligands to the metal ions is increasing in

the following order:

+ + +

Fonot <t oo nit <mnt < Lit < CpNi+

H

Hence, we expect that Cr+ prefers to retain harder
acids such as oxygen acids with higher 0/C ratios than Fe*
does. Nit prefers to retain softer acids with lower 0/C
ratio or simply alkenes. On the other hand, the shorter
bonding distance will reflect a larger tendency to retain

larger ligands and show a greater substituent effect.
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Unfortunately, the experimental data is not sufficient yet

to be used here.

5. Trends in First Row Transition Metal Ions In Gas

Phase Reactions With Organic Molecules

In this work, Co(C)3N0, Cr(co)s, Ni(C0)4) Mo(CO)6 and
N(CO)6 were obtained from Alfa products. Fe(CO)5 and cis-
2-pentene were obtained from Aldrich Chemical Company.
1-hexene, 2-pentanone and sec-butylamine were obtained from
Chem Service. Iso-propyl chloride and propane gases were
obtained from Matheson Gas Products Inc. Methyl iodide was
obtained from MCB manufacturing Chemical Co., Inc. A1l
compounds were used without further purification except
cis-2-pentene which was distilled for 8 hours before use.
A1l compounds were subject to standard freeze-pump-thaw
cycles before use.

A number of papers have appeared in the literature on
the chemistry of metal ions with organic molecules. Most
of these papers have discussed one metal. No attempt has
been made to discuss the reasons why different first row
transition metals behave so differently with simple organic
molecules. The decision was made to "target" some organic
molecules whose reactivity may provide insights into the
differences of metal ions. A number of factors which
contribute to the chemistry observed in gas phase organomet-

tallic reactions should include:
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1. The number of available low lying empty orbitals
on the metal ions available for reaction. (For example,

Hg+ (s]dlo) can have two sp hydrid orbitals but Li(sz)
cannot.)

2. Orientation and size of available orbitals of metal
jons.

3. "Compatibility" of orbitals. For an insertion pro-
cess to occur, bond lengths and bond angles in the initial
metal-ligand complex must be compatible.

4, Thermodynamics (e.g., heats of formation, bond
strength, promotion energy of metal ions (redistribution of
electronic configuration)).

5. Orbital symmetry of the intermediates.

6. Electronic states of metal ions participating
the reactions.

7. Kinetic factor (to be detected in ICR, the rate

9 0']] cm3/mo1ecu1e/s).

constant has to be in 1077 - 1
The initial strategy in this work was as follows:
a. Test if a metal ion inserts into the CH3-I bond.
b. If a metal ion inserts, then test if there is
B-H shift across the metal center by studying
reactions with i—C3H7C1.
c. Test if 5 or 6 membered ring intermediates are
preferred by investigating metal ion/molecule
reactions with 1-hexene, cis-2-pentene and

2-pentanone.
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d. Test if the metal ions react with nonpolar
compounds such as propane, to estimate
D(M*-alkyl).

e. Test if the metal ions react with amines to
determine the bond strength of the M+-NR2 bond.

These experiments were performed with a number of 1st

row transition metal ions.

I. Reactions With Propane (C Hg)

A. Results

1. Fe(CO)x+ reactions with propane
Ions formed as products of ion-molecule reactions in a
mixture of Fe(CO)5 and C3H8 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
+
84 Fe(C,H,) Fet
98 Fe(c3H6)+ Fet, Feco*
100 Fe(C4Hg)" Fecot
128 FeCO(CgHg)* Fe(C0),"
+ +
153 Fe(C0),C4H, C3Hs
+ + + +
169 Fe(C0),H CHy s CoHe™s CoHg
and Fe(c0)3c2H5+
+ + + +
181 Fe(C0)4C H, CoHe s CoHg™, CoHy
+ + +
183 Fe(C0)4C3H, CoHs s C3hy
+ + +
197 Fe(CO)gH C,Hs", CHy
and Fe(c0)4c2H5+
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Note that C2H5+, C3H5+ and C3H7+ are reactive organic

+168

species, especially C3H5 » which reacts with netural

Fe(C0)5, displacing two or three CO's.

+ . .
2. Cogcozxgnozy reactions with propane.

Ions formed as products of ion-molecule reactions in a

mixture of Co(C0)3NO and C3H8 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
87 Co(ChH,)" ot

101 Co(CyHg)" cot, coco®
103 Co(CqHg)? coco*

118 CoNOC ,H, C He*

130 CoNOCH " CoHg

131 CoCO(C4Hg)" Co(c0),”

133 CoNO(C4Hg)* cono”*

146 Co(C0),NOH" CoHg' s Coco”
158 CoCONOC,H,* CoHg”

160 CoCONOC gH,* CaH,"

174 Co(CO) 5NOH* C,He* s Coco”
188 Co(C0),NOCH,* CoH,"

3. Ni(CO)x+ reactions with propane

Ions formed as products of ion-molecule reactions in a
mixture of Ni(CO)4 and C3Hg are listed below, with their

precursors as identified by double resonance.



m/e

86
100
102
115
127
130
143
145
155
157
159
186

stoichiometry

Ni(C H,)"
Ni(CqHg)"
NiC4Hg)™
Ni(CO) H"
NiCOC H "
NiCO(C3Hg)"

Ni(C3H8)(C3H5)+

Ni(c0)3H+
Ni(C0),CqH,g
Ni(C0),C4H,

+

+

156

) +
NICO(C3H8(C2H5)

Ni(CO)3C3H8

+

precursor(s)

Ni T

NiT, Nicot
Nico"

C Hg"

CyHg”

Ni(C0),", CgHg"
CaHg' s Ni¥, Nico”
CHg ", Ni't, NicO”
CoHg*
CaHg™s CgHyTs NiCO(CqHg)?
C3Hy s NiCO(CgHg)Y

Nit

The ion at m/e 100 has a very small peak intensity com-

pared with that of the comparable product for Co+, but it is

similar to that observed for Fe+.

Cr(CO)x+ reactions with propane

Ions formed as products of ion-molecule reactions in

a mixture of Cr(CO)6 and C3H8 are listed below, with their

precursors as identified by double resonance.

m/e
80

96
124

stoichiometry

Cr(C,H,)"
Cr(C3H8)+
Crc0(c3H8)+

precursor(s)

crt, crcot
CrCO+
crco’
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5. Mo(CO)x+ reactions with propane.

Ions formed as products of ion-molecule reactions in a
mixture of Mo(CO)6 and C3H8 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)

162 MoCO(C3H6)+ Moco®, Mo(c0)2+

190 Mo(c0)2c3H6" Mo(CO)2+, Mo(c0)3+
+

218 No(CO) 4C4H, Mo(c0)3+

B. Discussion

Table 14 summarizes the reactions with propane for all
five metal ions together with product distributions.
A11 the product ions seen can be explained in terms of

the mechanism proposed by Beauchamp94'96.

+ \\ mt
M + " ~N—T7T—>H— M—< W / -—)M—k 2
V M* = Fe, Co, Ni
S shift
— H—ME
-Me
shift
H\
W Bl || — |

— CH3— Shift’

M = Fe, Co, Ni,
Cr
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Thus, Fe+, Co+ and Nit exhibit very similar reactivity

]64. It is of interest to note that Fe+, Ni+

with alkanes
and Cr+ have stronger preference to inserting into C-C bonds
to eliminate smaller alkanes. Mo+, never induced any reac-
tions from propane unless it has ligands attached. CO
ligands on Mot might affect the bonding abilities of other
bonding orbitals. It is not surprising then since Mot is

a second row transition metal, which has larger d orbitals
(60% size of 5s orbital) to make the bonds using the 4 dz2
orbital, which in turn makes the second bond possible by use

of other d orbitals (the promotion energy form 4d" to 551-

4dn-] to make a 5s orbital available for bonding]23 is
about 72 kcal/mole). This contrasts with first row transi-
tion metals which bond almost exclusively using the 4s
orbital. The 3d orbitals are only 30% the size of the 4s
orbital and are tightly bound to the nucleus. (It is pos-

sible to mix 4s with 4p to make sp hybrid orbitals).

II. Reactions With Iodomethane (Qﬂ3ll
A. Results
1. Fe(CO)x+ reactions with CH,I

Ions formed as products of ion-molecule reactions in a
mixture of Fe(CO)5 and CH3I are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)
183 Felt Fet
198 FeCH,I" Feco’
226 FeCOCH, 1" Fe*, Feco®, Fe(c0),”

+ + 4+ +
254 Fe(C0),CH,I Fe(c0),", 1%, Fe(c0),",

+ +
CHyI*, Fe(C0),

282 Fe(c0)3CH31+ Fet, Fe(C0)3+, cn31+,

Fe(CO)4+

2. C0§C0}x§N0)y+ reactions with CHjl

Ions formed as products of ion-molecule reactions in a
mixture of Co(C0)3N0 and CH3Iare listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)

186 col” co*

201 CoCH,17 CoCO”

229 CoCOCH,I* coco®, co(co),”

231 CoNOCH,I7 coco™, cocoNo®, co(c0),N0"

259 CoCONOCH, 1" CH 1%, Co(CO),NO",
Co(C0)4N0”

287 Co(C0),NOCH,I* Co(C0)4N0*

3. Ni(;:O)x+ reactions with CH3L
Ions formed as products of ion-molecule reactions in a
mixture of Ni(CO)4 and CH3I are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)

185 i1 Ni*, Nico®

200 NiCH,I7 Nit, Nico®, Ni(co),”

213 Nicor? nicot, 17

228 NiCOCH,I" NicO*, Ni(c0),”, Ni(c0),*

256 Ni(C0),CH 1" Ni(c0),*, 17, Ni(c0),”,
Ni(c0),"

284 Ni(C0)3CH5I" Ni(c0),", Ni(co),”

4. cr(co) * reactions with CH,I

Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and CH3I are listed below, with their pre-

cursors as identified by double resonance.

m/e stoichiometry precursor(s)
179 crrt crt
194 CreH, 17 creo’, cr(co),”, cHyl?

5. Mo(CO)X+ reactions with CH3L

Ions formed as products of ion-molecule reactions in a
mixture of Mo(CO)6 and CH3I are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)

219 MoI+ Mo+

234 MoICH,* Mo*, Moc0®, 1%, Mo(c0),*
6. AI(CHj)," reactions with CH I

Ions formed as products of ion-molecule reactions in a
mixture of A](CH3)3 and CH,I are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
*4 + +
199 A]IMe3 A'IMe3 , CH3I

* Me denotes a methyl group
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B. Discussion

Table 15 summarizes all the reactions with iodomethane
for all metal ions in this owrk, together with their product
distributions.

It appears that all metal ions insert into the polar
bond (C-I in this case), followed by fragmentation to retain
the iodine atom. Among them, Ni* seems to have the strong-
est interaction energy with CH3I to induce more reactions.
For example, Nit is the only metal ion that produced mcor*
and MI* from NicO*. Mo* follows almost the same reaction
pattern as that of crt.

There are two possible mechanisms leading to the forma-

tion of Mi+:

(])197,198

M¥ + RI — R-MT-1 — M1t

X H
M+ + ,'1' 'h,"_
M+
\ + (]
X H —— Mx* + 4—-—§
.I'Hl,'

J. Allison and D.P. Ridge!27:198

reported a number of
first row transition metal ions reactions with alkyl halides

and found the following results:
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. cr' Fe' co®  Nit Mgt
—> McH,* + 1 0% 527 27% 0% 0%
MY+ CH,I —

TS CHy 100% 48% 73% 100% 100%

From the successive reactions study of labelled com-
pounds, they proved that these transition metals do really
insert into the carbon-halogen bond.

However, MCH3+ were not observed in this work as indica-
ted in Table 15. The reasons being that the transition
metal ions probably form a strong bond to iodine atom than
-CH; and due to the sensitivity of the instrument.

It is believed that nontransition metal ions follow
mechanism (2) and first row transition metal ions follow the
first mechanism. Obviously, the d orbitals in transition

metals make them different from those nontransition metals.

III. Reactions with Isopropyl Chloride (C3ﬂ7C1)

A. Results

Fe(C0)5, Co(C0)3N0 and Ni(CO)4 reactions with isopro-
pylchloride have been reported by Allison and Ridge85. Thus
they are not repeated here. Cr(CO)6 and Mo(CO)6 reactions

with isopropylchloride are listed in the following.

1. Cr(CO)x+ reactions with isopropylchloride
(C4H,CT)
Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and C3H7C1 are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)

87 crc1? crt

88  CrHC1T crt

94 Cre Hg" crt, crco®

95  CrCgH," crt

122 CreoCyH* crco®, cr(co),”
130 CrCyH,C17 crco’

158 CrcOC,H,C1* cr(c0),*, cr(co),’
172 Cr(C4Hg) (CoH,C1)Y crco®, cr(co),”
186 Cr(C0),(C4H,C1)" cr(c0),*, cr(co),”
208 Cr(C4H,C1)," cr(co)y*, cr(co),*

Creoc,H,c1”

+
Cr(C3H6)(C3H701)

2. Mo(Cle+ reactions with isopropylchloride

(C5H,€1)

Ions formed as products of ion-molecule reactions in a

mixture of Mo(CO)6 and C3H7C1 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
134 Mo(CqHe)" Mo*, Moco*
162 MoCO(C4Hg)" Moco®, Mo(c0),"

170 Moc3H7c1+ Mot, Moco®, Mo(c0)2+
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B. Discussion

Table 16 summarizes the reactions with isopropyl-
chloride for all five metal ions in this work together with
product distributions. The formation of MC3H7+ and MC1¥ is
a good indication of insertion into the carbon-Cl polar bond
for Fe+, Co+, Ni* and Cr*. The failure to observe M0C3H7+
and Mot may imply that direct fragmentation following in-
serting C-C1 bond to yield MC3H7+ is a high energy pathway
(radical loss).

From Tables 14, 15 and 16, it appears that Fe+, Cot and
Nit are capable of inserting into C-C and C-H bonds. crt
prefers to insert into C-C bonds. Fe+, Co+, Nit and cr?
form a stronger bond to iodide (D(M+-I) > 56.5 kcal/mole)
than Mo*.

Therefore, it seems that thermodynamics only can explain

all the reactions presented to this point. The mechanism

can be summarized below:

H
|
Mt o+ :>-c1 — >»—Mt—-C1 -——9‘/Uu-mf——c1 -»/l}--n* + HCI
l\\\\\ﬂ M*=Mo mt=re*,co*,ni”

+ +
M(C3He)T  MCT ert w0t
M*=Fe,Co,Ni,cr Mt=Cr

The formation of MC3H7+ for Fe+, Co+, Ni+ and Cr+

implies that D(M-c3u7)+ > 82.03 kcal/mole.
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IV. Reactions with Cis-2-Pentene (CcH,,)

A. Results
+ . . .
1. Fe(CO),  reactions with cis-2-CeHy g

Ions formed as products of ion-molecule reactions in a
mixture of Fe(CO)5 and CSH]O are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
96 Fe(CgH,)" Fe*, Feco?
98 Fe(CgHc)" Fet, Feco*
110 Fe(C, )" Fet, Feco?
124 Fe(CgHg)? Fet, Feco?
126 Fe(CgHyg)” Feco*, Fe(c0),”
154 FeCO(CgH,,)" Fec0*, Fe(C0),”,
_ Fe(C0)3+
182 Fe(C0),(CgH o))" CiHg'» Fe, Fe(c0),*
and Fe(C0)4C,Hc* Fe(0),"
210 Fe(C0)4(CcHq )" Fe(c0),", Fe(co)."
238 Fe(CO),(CgHyg)” Fe*, Feco®, Fe,(c0),*

Note that m/e 182 is a mixture of Fe(CO)z(csnm)+ and
+
Fe(C0)5(CHg) .

+ . . A
2. Co(CO)x(NO)y reactions with cis-2-C.H;,

Ions formed as products of ion-molecule reactions in a
mixture of Co(C0)3N0 and CSH]0 are listed below, with their

precursors as identified by double resonance.



99
101
113
127
129
130
156
157
158
159
187

195
199
215
216
218
229

230
244
246

+ +
Note that C3H5 s C3H3

170

stoichiometry

Co(C4H,)"
Co(C4Hg)"
Co(C4Hg)*
Co(CgHg)*
Co(CgHyg)?
CoNOCH "
Coc0N0c3H5+
CoCOCLH, "
CoCONOC3H5
CoNOC.H

5 10
COCONOCSH.IO

+

Co(C5H8)2
+
Co(CgHyp),
Co(c0)2Noc5Hw+
+
COZCO(CSHIO)
+

Co,CONO(C4H,)
CoNO(csuw)z+

Co(C4H6)(CoCONO)+
+
Co,CONO(CgHy)
+
Co,CONO(CH ()

precursor(s)

+
Co , CSH]0 .
+

Co , coco?

cot, coco?

cot, coco?

co*, coco®, co(c0),’

+ +
C4Hg' s CoCO™,Co(C0),”

coco?

+ +
CaHats CoHg
coco’, Co(c0)2+

+ +
C3Hg ' Co(CO),NO

cocono™, Co(c0)2No+

+ +
C3H6 » Cghyg s Co(C0)2N0 R

Co(C0)3N0

cocot, Co(c0)2*

coc0®, co(co0),”
+

CsHip

cot, co,cono?

2
Co+, Co(C HG)+

+ + +
co’, C5“1o , CoCO¥,
Co(CO)zNO , Co(c0)3N0+
cot, coco?,

Co+, CoC0+,

Co(c4H6)+

+
Co,(C0),NO
cot, coco?*

and C3H6+ from organic fragmen-

tations are reactive with neutral Co(C0)3N0 to form m/e 130,
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156, 158 and m/e 187.

3. Ni(CQ)x+ reactions with cis-2-pentene

Ions formed as products of ion-molecule reactions in a
mixture of Ni(CO)4 and C5H10 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
. + .+
98 Ni(CgH,) N3
100 Ni(c3H6)+ Ni¥, Nicot
112 Ni(c4H6)+ Nnit, nicot
126 Ni(C5H8)+ nit, Nicot
. + .+ . .
128 Ni(CgH, o) NiT, Nicot, N1(co)2+
156 NiCO(C5H10)+ Ni(C0)2+, Ni(c0)3+
, + +
170 Ni(C0), CsHy g
184 Ni(co)z(csnm)+ c5H]0+, Ni(CO) 5, Ni(c0)4+
. + . + .
198 Ni(CgHyg), Ni(C0),", N1(C0)3+
212 N12c0(c5H8)+ Nit, nicot, N12(C0)2+

Note that molecular ion of cis-2-pentene reacts by
charge exchange with neutral Ni(CO)4 to give m/e 170,
Ni(c0),".

4, Cr(CO)X+ reactions with cis-2-pentene
Ions formed as products of ion-molecule reactions in a
mixture of Cr(co)6 and CSH]0 are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)
+
120 Cr(CgHg) crcot, Cr(co)z+
+ + +
122 Cr(Cghyg) crco’, cr(co),
+ +
150 Creo(Cghy ) cr(co),”, Cr(c0)3+

5. Mo(CO)x+ reactions with cis-2-pentene

Ions formed as products of ion-molecule reactions in a
mixture of Mo(CO)6 and C5H]0 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)

160 Mo(CgHg)" Mo®, MocO®

162 Mo(CgHyg)” Mo*, Moco®, Mo(c0),”
188 MoCO(CgHg)? Mo(c0),"

190 MoCO(CgHy o) Mo(c0),"

216 Mo(CO),(CgHg)" Mo(c0) ;"

B. Discussion

Table 17 summarizes all the reactions of cis-2-pentene
with metal and metal-containing ions in this work.

It is interesting to note that crt does not react with
cis-2-pentene; Mot only eliminates H,. When CO ligand(s)
are attached, an elimination of H, is seen for both metal
jons. It is also interesting to note that crt reacts with
C H8 to eliminate CH4. There thus appears to be a chain

3
171

Tength effect or the double bond in alkenes prevents crt

from inserting into C-C bonds. From Table 14 and 18, it can
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be seen that Mo’ does not insert into a C-C bond in either
alkanes or alkenes.

The mechanism used to interpret the formation of all
product ions can be summarized as follows (similar to those

proposed by Beauchamp97):

e P ) B AR — ey

allylic M= Fe,Co,Ni, M|
H shift
;;/ — g B=le H N +
«— - shift /M / ? M( Cqﬂé) m
G,
{’ +
"?‘ + _)M( H)
~ L ——H(CH¢)
[M=Fe, Co,Ki]
l.I\ "'/”

M —— McH,)  [H=Fe,Co,N]

( I

Note that these mechanisms also show a proposed pathway
leading to the formation of M(C3H6)+ and M(C3H4)+, in which
M* induces the isomerization of cis-2-pentene to 1-pentene
as a first step. Similar isomerization steps have been pre-

viously reported9]’97.
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V. Reactions with 1-Hexene (CgH,,)

A. Results

1. Fe(c0) ” reactions with 1-CcH,

Ions formed as products of ion-molecule reactions in a
mixture of Fe(CO)5 and CeHy, are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
+ +
84 FeC,H, C H,
98 Fe(c3H6)+ Fet, Feco?
110 Fe(c4H6)+ Fet
140 Fe(CgHy,)" Fec0*, Fe(C0),"
+ +
153 (C4Hs)Fe(CO), C3Hs
168 FeCO(C.H,,)" Fe(C0),"
6112 3
+ +
181 Fe(C0)4(CzH,) C3Hs
196 Fe(CO)Z(C6H]2)+ Fet, Feco®, Fe(c0)4+
224 Fe(C0)3(C6H]2)+ Fet, Feco?t, Fe(C0)2+,
Fe(co)5+
250 Fez(c0)2(c6H]0)+ Fet, rFeco?
252 Fe2(C0)2(C6H]2)+ Fet, Feco?, Fe(co)2+
266 Fez(c0)3(c-5H]o)+ Fet, Feco’
278 Fez(C0)3(C6H]0)+ Fecot
+ + + +
280 Fe,(C0)5(CgHy,) FeC0®, Fe(C0),", Fe(CO0),

Note that C3H5+ reacts with Fe(CO)5 neutral to displace
two or three CO's to form m/e 181 and 153 respectively. The
formation of m/e 266 is hard to explain. VYet, this peak is

reproducible.
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+ . .
2. Co(CO)x(NO)y reactions with 1-C.H,,
(y=0,1)

Ions formed as products of ion-molecule reactions in a

mixture of Co(CO)NO and C6H]2 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
101 Co(CgH)? co*, coco?
143 Co(CgHyp)" co*, coco®, co(co),’
158 COCONOC,H." CoHg"
172 CoCONOC,H," CoHy "
173 CoCONO(C,4Hg)* CaHg's CeHip's
+ CONO(CgHy,)7 Co(c0),N0*
201 CoCONO(CgHy,)? Co(c0)3)N0"

Again, organic fragments C3H5+ and C4H7+ reacts with
Co(CO)3N0 neutral to form m/e 158 and 172 respectively.
m/e 173 is the mixture of CoCONOC Hg", and CoNO(C-Hy,)™.

. + . .
3. N1§C0}x reactions with 1-C.H,,

Ions formed as products of ion-molecule reactions in a
mixture of Ni(CO)4 and CGH]2 are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)
86 Ni(c2H4)+ Nit
100 Ni(CgH)? Nit, Nico?
112 Ni(c4H6)+ Ni~, NiCO
127 Nic0(c3H5)+ c3H5+

. + . . .
142 Ni(CgHy,) Nit, Nicot, N1(C0)2+,

. +
N1(C3H6)

155 Ni(c0)2(c3H5)+ c3H5+

. + + . +
170 Ni(C0),(C Hg) CaHg’s CeHy,s Ni(CO),Y,

+ NiCO(CgHy,)" Ni(C0),"

. + + . + s +

198 Ni(CO)4(Cy4Hg) CaHgts Ni(C0),*, Ni(CO),

+ Ni(C0)2(06H12)+

4. Cr(CQ)x+ reactions with 1-CcH,,

Ions formed as products of ion-molecule reactions in
a mixture of Cr(C0)6 and CeHyp are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
134 Cr(C6H10)+ crt, crcot, Cr(C0)2+
+ + +
136 Cr(Cghy,) crt, crco’, cr(c0)2+
+ +
164 Creo(Cghy,) cr(co),”, Cr(C0)3+

5. Mo(CO)x+ reactions with 1-CcH,,

Ions formed as products of ion-molecule reactions in a
mixture of Mo(CO)6 and CgH,, are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)

172 Mo(Cghg)* Mo*, Moc0®, Mo(c0),”
200 MoCO(CgHg)? Mo(c0),", Mo(c0),*
204 MoCO(CgHy,)? Mo(c0),*, Mo(c0),*
228 Mo(C0),(CeHg)? Mo(C0) ;"

232 Mo(C0),(CgHyp)" Mo(c0),"

B. Discussion

Table 18 summarizes the reactions of 1-hexene with Fe+,
Co+, Ni+, Cr+, and Mo”* together with their product distribu-
tions.

Basically, the reactions of 1-hexene with these transi-
tion metal ion can be explained similarly to that proposed

97

by Beauchamp”™’, as follows:

M+ céun_>/*@ Lllmc_, 2 “\g/'l_,y T L

alkyl /
l - E——Lﬂ
allylic M(C 6)
H shift W=Fe.Co N
G Laum | IGA
N Shift \
r |7
-+
A-H H\ﬁ,)___’"(czﬂq)
shift 1’ ¥ L m(cytg)" MEFe, NI
H e N

oKl ) — megn,) BEE

l

H +
) 2B wegg) MER

H
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Note that Cr' and Mo prefers to insert into C-H bonds
to eliminate H,. Mo® can insert into C-H bonds to eliminate
two hydrogen molecules. The intermediates having C3H5+ or
four m electrons distributed on three carbons are reasonable,
because they are good wm-donor ligands and exist as the

stable fragments in the mass spectrometer587’]68.

VI. Reactions with 2-pentanone (2-Csﬂlogl

A. Results
+ . .
1. FejCO)X reactions with 2-CgH,,0

Ions formed as formed as products of ion-molecule reac-
tions in a mixture of Fe(CO)5 and C5H]00 are listed below,

with their precursors as identified by double resonance.

m/e stoichiometry precursor(s)

84  FeC,H,” CH,"

114 Fe(CgHg0)" Fe*, Feco?

140 Fe(CgHg0)" Fet, Feco?

142 Fe(CgHy0)7 Fe*, Feco®, Fe(c0),"
170 FeCO(CgH,,0)" Fe(0),*, Fe(c0),"
181 Fe(C0)5C H" CoHg*, CoH,t

183 Fe(C0),C H," CoH, "

197 Fe(C0)H" CoH, "

198 Fe(C0),(CsH 00" Fe(€0),", Fe(c0),”
211 Fe(CO)4C3H7+ CaHy s CeHyg0t

226 Fe(C0)4(CeH 0)" Fe(c0),”, Fe(co);"
228 Fe(CgH,0)," Fe(C0),", Fe(c0),",
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m/e stoichiometry precursor(s)
FeCO(CgH,0)"
Fe(C0),(CgH 00"

Note that C3H5 and C3 7 react with Fe(CO)5 neutral
to yield m/e 181 and 183 and 211 respectively. Also, CgH,"
can protonate Fe(CO)5 to produce Fe(C0)5H+.

2. Co(C0) (NO) * reactions with 2-CgH,,0
A% 5—-10—-
Ions formed as products of ion-molecule reactions in a
mixture of Co(CO)3N0 and CgH 100 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)

117 Co(C4Hg0)" co*, coco®

143 Co(CgHg0)" cot, coco®

145 Co(CgHyo0)" co”, CoC0+, Co(c0),”

158 CoCONOC,H" C4H 5

173 CoCO(CgH,,0)" coco®, co(cC0),”

175 CoNO(CgHyq0)” CoCONO™, Co(C0),NO"

203 CoCONO(CgH,,0)" CsHyo0'» CoCONO™,
Co(c0),N0", Co(c0)4N0"

216 CoNO(CgHy) (C4He)” CyHg”

128 CoNO(CgH,,0)(Cy 7)+ C3H, "

229 Co(C5H80)(Cs 109" Co®, CoC0®, Co(CgHg0)?

231 Co(CgHy0)," co*, coco*, co(c0),’,

cocono®, Co(C0)2N0+,
Co(C0)3N0+, csuwo+
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Again, C3H5+ reacts with Co(C0)3N0 netural to produce

m/e 158 and m/e 216. c3H7+ reacts with Co(C0)NO to pro-

duce m/e 218.

3. Ni(€0). ¥ reactions with 2-C_H, .0

X 5—-10—-
Ions formed as products of ion-molecule reactions in a
mixture of N1’(C0)4 and CSH]OO are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)

100 Ni(CgHe)? NiT, Nicot

102 Ni(C,H,0)" nit, nicot

116 Ni(CgHe0)? Nit, Nicot

144 Ni(CgHy0)7 Ni*, Nico®, Ni(co),”

155 Ni(CO),CqH." CoHg*

157 Ni(C0),C H," CoH, "

172 NiCO(CgHyo0)? Ni(C0),", Ni(co),’

230 Ni,C0(CgHy0)7 Nico®, Ni(c0),*, Ni(co),",
Ni(CcH o0) Y, Ni(Co),*,
NiCO(CgH,,0)"

. . + + . .
Similarly, C3H5 and C3H7 react with N1(C0)4 neutral
to give m/e 155 and m/e 157 respectively to displace 2 CO's.

4. Cr(c0) * reactions with 2-CcH,,0

Ions formed as products of ion-molecule reactions in a
mixture of Cr(CO)6 and C5”1o° are listed below, with their

precursors as identified by double resonance.
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m/e stoichiometry precursor(s)
+ + +
138 Cr(CsH]OO) Cr, Crco
+
166 CrCO(CgH,,0) cr(co),”, cr(co),*

224 Cr(CSHmO)Z+ crco”, Cr(C0)2+, Cr(c0)3+

5. Mo(C0) * reactions with 2-CcH,,0

Ions formed as products of ion-molecule reactions in a
mixture of Mo(CO)6 and CSH]OO are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)

174 Mo(CgH0)" Mo™*

176 Mo(CgHg0)" Mo™, MocO*

178 Mo(CgH,,0)" Mo®, Moco*, Mo(c0),”
204 MoCO(CgHg0)" Mo(c0),", Mo(co),*
232 Mo(C0),(CgHg0)" Mo(c0),", Mo(co),”

B. Discussion

Table 19 summarizes the Fe+, Co+, Ni+, Cr+ and Mo"
reactions with 2-pentanone, together with their product dis-
tributions. |

The formation of all reaction products can be explained

87 et. al.

very similarly to the mechanism proposed by Freiser
as shown in Scheme XXIX.

Note that Fe+, Co+, Ni+, Cr+ and Mo+ can form stable
addition products, M(C5H100)+. Nit and crt failed to elimi-

nate HZ' However, Mo+ has extra energy to eliminate one
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more H2 to form Mo(CsH60)+, implying that Mo' has the
strongest tendency to insert into a C-H bond. It is of
interest also to note that Ni+ is the only metal which can
insert into a carbonyl-carbon bond, producing Ni(C2H4O)+

87 also reported to see FeC0+ and

and Ni(C3H6)+. Freiser
Fe(C2H4)+ in a trace amount (< 1%) in the reaction of Fe'
with 2-epntanone, which is not observed in our experiment.
Another trace amount (6%) of the product ion, Fe(C4H8)+

reported by Freiser is not observed in our experiment.

VII. Reactions with sec-Butylamine (s-BUNH,, C,H,.N)

A. Results
1. Fe(Cle+ reactions with sec-butylamine

Ions formed as products of ion-molecule reactions in a

mixture of Fe(CO)5 and sBUNH2 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
87  Fe(CHgNH,)" Fe*, Feco?
98 Fe(CqHe)" Feco*
110 Fe(C Hg)" Fet
113 Fe(C4H,N)? Fet, Feco?
114 Fe(CgHgNH)T Fet, Feco’
125 Fe(CyH,N)" Fe(c0),", Fe(co);"
127 Fe(C H NHp)" Fet, Feco?

128 Fec0(c2H6N)+ Fecot
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m/e stoichiometry precursor(s)
+
129 Fe(C HgNH,) Fecot, Fe(c0)2+
157 Fec0(c4H9NH2)+ Fe(CO)2+, Fe(C0)3+,
Fe(00)4+
+ + +
185 Fe(C0),(C HgNH,) Fe(C0),*, Fe(CO),
+
202 Fe(C4HgNH,) , Feco™, Fe(c0)2*, Fe(C0)3+,
Fe(C0)4+

2. Co(CO)x(NO)y+ reactions with sec-butylamine
sBUNHZ, C4ﬂ1]ﬂl
Ions formed as products of ion-molecule reactions in a
mixture of Co(CO)3N0 and sBUNH, are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
90 Co(CH4NH,)" Co”
100 Co(C4Hg)" coco”*
102 Co(C, HgNH,)* co*, coco?
104 Co(C,HgNH,)* cot, coco*
113 Co(C,He)" ot
116 Co(CgH,N)” co*, coco”®
128 Co(CyH,N)" Co”
130 Co(CyH,NH,)* co’, coco”
132 Co(C HgNH,)" co*, coco®, co(c0),”
160 CoCO(CyHgNH,)" coco®, co(c0),"
162 CONO(C,HgNH,)* CoCONO™, Co(C0),NO*

Co(c0)3N0+
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m/e stoichiometry precursor(s)
+
190 CoCONO(C ,HgNH,) Co(c0)3No+
+ +
205 Co(C4HgNH, ), co’, coco®, Co(c0)2+
+ +
221 C02N0(C4H9NH2) Co
+ +
249 Co,CONO(C4HgNH,) CoCO

3. Ni(CO)x+ reactions with sec-butylamine
(sBuNH,, C4HyqN)
Ions formed as products of ion-molecule reactions in a
mixture of Ni(CO), and sBUNH, are Tisted below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
72 CyH N’ nit, nicot
89 Ni(CHyNH,)" NiCO
103 Ni(C,NH,)" Ni*, Nico®, Ni(co),”
115 Ni(CzHgNH,)" Nit, nico®
117 NiCO(CHNH,)? Ni(c0),", Ni(co),”
127 Ni(C4H,N)* Nit
128 NiCO(CH4CHNH,)" CHCHNH,*
129 Ni(C H,NH,)" Ni T
131 Ni(C4HgNH,)? NiCOT, Ni(C,HgNH ) .
Ni(C0),”
132 NicO(C Hg)" Ni(C0),", Ni(c0),*
145 Ni(CO0),(CHgNH,)? Ni(C0),"
159 NiCO(C,HgNH,)" Ni(c0),", Ni(co),",

Ni(c0)4+



189

m/e stoichiometry precursor(s)

204 Ni(C HgNH,)," Ni(c0),*, Ni(c0);",
Ni(C0)g*, Ni(CyHgNH,)Y,
NiCO(C HgNH,)?

215 Ni,C0(C,H,NH,)" Ni*, Nico®, Niy(co),”

4. Cr(CO)x+ reactions with sec-butylamine
(sBUNH,, C,H,,N)

Ions formed as products of ion-molecule reactions in a

mixture of Cr(CO)6 and sBUNH2 are listed below, with their

precursors as identified by double resonance.

m/e stoichiometry precursor(s)
112 CrCOCH3NH3+ crco’, cr(co),”
123 Cr(c4H7NH2)+ crt, crcot, Cr(c0)2+
125 Cr(C4H9NH2)+ crt, crcot, Cr(C0)2+
+
153 CrCO(C4H9NH2)+ cr(co),”, Cr(C0)3+,
Cr(C0)4+
+ + +
198 Cr(C HgNH,), crco’, cr(co),”,
+ +
Cr(C HgNH, )Y, cr(co),",
+
CrCo(C4HgNH,)

5. Mo(CO)x+ reactions with sec-butylamine

Ions formed as products of ion-molecule reactions in a

mixture of Mo(CO)6 and sBUNH2 are listed below, with their

precursors as identified by double resonance.



m/e
161

163
165
191
217
219

190

stoichiometry

Mo (C H,N)"

Mo (C4H,NH,)"

Mo (C4HgNH,)™
MoCO(C,4H,NH,)*
Mo(C0),(C H,N)*
Mo(CO),(C4H,NH,)*

precursor(s)

Mo+, MoC0+

Mo, Moco?
Moco®, Mo(c0)2+

+ +
Mo(CO)2 . Mo(CO)3
Mo(c0)3+
Mo(C0)3+

6. N(CO)X+ reactions with sec-butylamine

(SBUNH,, C,H, N)

N(CO)X+ reactions with sec-b

utylamine were also studied

by use of the CEC 21-110 B double focusing mass spectrometer

without precursors identification.

are listed below:

n/e
225

237
249
251
253
279
307
309
337
343

stoichiometry

WC(CHNH,) ™
W(C4HN)
WC(C4HgN)*

W(C H,N)"

W(C HoNH )"
WCO(C,H,N)”
W(C0),(C H N)*
W(C0),(C H,NH,)*
W(C0)5(C H NH,)”
W(CO) 5(CoHgNH,)*

The reaction products
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B. Discussion

Table 20 summarizes the Fe+, Co+, Ni+, cr’ and Mo
reactions with sec-butylamine and also their product distri-
butions.

Scheme XXX shows a proposed mechanism leading to the
formation of reaction products.

It is of interest to note that Ni~ undergoes a hydride
abstraction from sec-butylamine to yield C4H]0N+ and that
Fe+ forms a high energy product, Fe(C3H8N)+ by losing a
methyl group after inserting into the C-C bond of sec-
butylamine.

Table 20 also shows a trend that Fe+, Co” and Ni't
exhibit much richer chemistries in their reactions with sec-
butylamine. However, Cr+, Mo+, and W' are mostly inducing
hydrogen molecule(s) elimination. Note that NC+ is a reac-
tive species, since it produces NC(CH3NH2)+. Also, W' is
the only species which can eliminate both CH4 and Hz to pro-
duct w(C3H5N)+. In Scheme XXX, a process pathway leading to
the formation of M(CH3NH2)+ is also shown. Note that this
process needs an isomerization of sec-butylamine to isobutyl-
amine. Similar isomerization steps have been previously
reported91’97.

Also shown in Scheme XXX are pathways leading to the
formation of Fe(CyHg)™, Fe(C H,N)®, Co(CaHg)™, Ni(CHgNH,)*

with a concurrent loss of the CO ligand.
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There are some new reaction products which are not seen
in metals alone. The formation of CrCO(CH3NH3)+ can be
explained similarly to the formation of M(CH3NH2)+ in Scheme
XXX except that one more B-H shifts from the left side to
give Cr‘CO(C3H5)(CH3NH3)+ followed by a simple fragmentation.
The formation of FeCO(CzHGN)+ can<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>