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ABSTRACT

The gas-phase chemistry of several chemical systems have been investigated
with Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. The
emphasis of these experiments is on organoscandium ion chemistry, but inorganic and
organic systems have also been examined. Furthermore, quantum mechanical
calculations have been performed on selected systems to help in the interpretation of the
experimental data or guide the experiments.

Chapter 1 is a brief review of the experimental aspects of FT-ICR mass
spectrometry. The history of the development of FT-ICR is given, and the
instrumentation required to perform FT-ICR mass spectrometry is described. The
mathematical description of ion motion is discussed, and applied to the description of the
excitation and detection of ions. A short explanation of how these aspects are combined
to form a standard experimental event sequence is then presented.

Chapters 2-5 present the results of our investigations of the reactivity of
organoscandium ions with alkanes and alcohols. In Chapter 2 we examine the reactions
of Sc(CH3),+ with methane, ethane, [2,2-D,]-propane, [1,1,1,4,4,4-Dg]-n-butane and [2-
D]-isobutane, while in Chapter 3 the reactions of CH3ScCH,CH3* with methane, ethane,
[2,2-D3]-propane, [1,1,1,4,4,4-Dgl-n-butane, [2-D]-isobutane and n-pentane are
observed. In both systems o-bond metathesis reactions similar to those observed in
liquid-phase systems are seen. Site selectivity with the larger alkanes is also observed
with the aid of deuterium labeling. In Chapter 4 we return to the Sc(CH3)2* ion and
investigate its reactivity with cyclopentane and cyclohexane. Once again, o-bond
metathesis reactions are observed, this time with secondary C-H bonds rather than
primary C-H bonds (as seen with the straight- and branched-chain hydrocarbons). We
then change our focus in Chapter 5 to the 6-bond metathesis reactions of Sc(OCD3)2*

with water, ethanol and 1-propanol. Again, o-bond metathesis reactions were seen.
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However, in this case ligand exchange equilibria were observed via o-bond metathesis
and used to evaluate the relative bond energies of various Sc*-alkoxide bonds.

Chapters 6-8 move away from organoscandium systems and into various
inorganic and organic systems. In chapter 6 the reaction of ClI- with CIONO; is
examined. This reaction was found to be fast and efficient in the gas phase, which raises
the possibility that Cl- might react directly with CIONO; on water ice films on the
surface of type II polar stratospheric cloud particles. Chapter 7 investigates the reactions
of nitrobenzene and the explosives 2,4,6-trinitrotoluene (TNT) and 1,3,5-trinitro-1,3,5-
triazacyclohexane (RDX) with Si(CH3)3*. Adduct formation and small amounts of
characteristic fragmentation (with the TNT and RDX adducts) is observed, suggesting
that these types of reactions could be useful as a detection scheme for common
explosives. Chapter 8 extends this work to the explosives EGDN (ethylene glycol
dinitrate) and PETN (pentaerythritol tetranitrate). These nitrate ester explosives do react
with Si(CH3)3%, but no molecular adduct is seen in the FT-ICR mass spectrometer.
However, characteristic fragment ions are seen and the PETN-Si(CH3)3* adduct can be
seen in a sector mass spectrometer. The differences in the reactivity of nitro explosives

and nitrate ester explosives are also discussed.
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Abstract

The experimental aspects of Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometry are briefly reviewed. A short history of the development of FT-ICR
mass spectrometry is given, followed by a section describing the instrumentation
required to perform FT-ICR experiments. We then discuss the mathematical description
of the ion motion within the ICR cell and use this framework to discuss how excitation
and detection of ions is achieved. A short description of how these aspects are combined
into a general standard experimental event sequence is then presented. This discussion
provides an introduction to the experimental techniques used to perform the experiments
described in the balance of this dissertation.

Introduction

Today the technique of FT-ICR mass spectrometry is one of the most powerful
methods of performing mass spectrometry. It is capable of ultrahigh mass resolution,
precise mass measurement over a large mass range, multistage experiments,
simultaneous detection of all ions present and long ion storage time. These capabilities
are the result of the tremendously fast periodic circular ion motion (ion cyclotron
motion) induced by the magnetic field. The intrinsic accuracy and precision in
measurements of the average cyclotron motion frequencies (which are inversely
proportional to the mass of the ion) lead to the ultrahigh resolution and accuracy in FT-
ICR mass measurements.

Historical Development

Cyclotron motion was first used for the generation of high energy (on the order
of 106 eV) light charged particles without a high electrostatic potential field. These high
energy ions were used for nuclear studies.! With the introduction of frequency selective
cyclotron motion acceleration by a radio frequency (RF) field, the measurement of the
collected current of accelerated ions generated a cyclotron frequency spectrum which

could be converted to a mass spectrum. This showed the analytical possibilities of ion



selection with RF resonance detection based on the ion’s mass-to-charge (m/z) ratio.2
Unfortunately, the instrument based on this phenomenon (the omegatron mass
spectrometer) suffered from a limited mass range and low resolution. In 1963 a
cyclotron based on marginal-oscillator detection was devised, where the detector
responds to the power absorbed by resonant ions during a magnetic field sweep rather
than to the resonant ion current from a collector electrode.3 This avoided collisional
effects that degraded the performance of omegatrons, but this new cyclotron did not
attract much attention.

At this time, Baldeschwieler and Llewellyn produced the first ICR spectrometer
to investigate gas-phase ion chemistry, and this technique was quickly established and
recognized as a valuable mass spectrometric method.# Several instrumental
developments have subsequently occurred. The introduction of superconducting
magnets with high, constant and extremely homogeneous fields has improved the
resolution, mass range and ion storage efficiency of ICR spectrometers.> The
development of pulsed mode operation® for the trapping cell allows one to control
experiments without spatially separating the ion production and ion mass analysis
region. In conjunction with pulsed mode operation, the automation of the experimental
procedure sequencé with computer control accelerates the collection of data and
performance of experiments. Last but not least, the introduction of Fourier transform
methods’ allows for the simultaneous detection of all ions (further accelerating the rate
at which data can be obtained) and further increases the resolution and mass range of the
ICR technique, enhancing the applicability of ICR mass spectrometry to various
practical problems.

Instrumentation

Before experiments on the reactivity of ions can be performed, the ions must be
generated. Several ways of making ions exist: electron impact (EI) ionization,? laser

desorption ionization (LDI) and matrix assisted LDI (MALDI),® chemical ionization



(CI),10 multiphoton ionization (MPI),!1 fast atom bombardment (FAB) ionization,12
electrospray (ES) ionization,!3 glow discharge (GD) ionization!4 and surface ionization
(SD),15 to name a few. The experiments in this thesis used EI ionization, LDI and CI
exclusively for the formation of ions. The ions are then captured within the trapping cell
by the use of combined electrostatic and magnetic fields. Our ion trap, like most,16 has a
cubic geometry consisting of six square, nonmagnetic metal plates attached to ceramic
mounts which keep the plates insulated and separated from each other. This geometry is
shown in Figure 1.17

All FT-ICR experiments are conducted in the ICR trapping cell which is
enclosed in a high vacuum chamber to minimize collisional damping of ion motions.
Our instrument is equipped with a vertical-bore Varian 15-in. electromagnet. The
magnetic field is maintained between 1 and 2 T. The cell is located in the central field
region where the magnetic field will be as homogeneous as possible.

The magnetic field constrains the ions to move radially in the xy plane, while the
electrostatic potential of the trapping plates holds the ions in the middle of the trap with
respect to the z axis. The stored ions rotate around the z axis due to their cyclotron
motion, but the phase of the ion motions is randomly distributed unless the ions are
forced to circulate with the same phase by the application of a resonant RF electric field.
This RF potential is applied on the pair of electrodes perpendicular to the x axis as
shown in Figure 1. The excitation of the cyclotron motion in this fashion will increase
the cyclotron radius of the ions enough to produce large image charges on the detection
plates. We should note that the excitation pulse forces the ions to circulate with the
same phase: otherwise, the average image charge would remain zero.

After the RF excitation the coherent ion motion produces an image current from
the detection plates (which are perpendicular to the y axis in Figure 1). This current is
converted to a voltage via a resistor, and this voltage is then amplified to produce the

oscillating time domain signal (transient), which decays with time. Fourier



Figure 1. The typical cubic ion trap: Ions are generated by electron impact, excited by
RF excitation from the excitation plates and detected with the detector plates by

measurement of the induced current amplitude from the ion motion.
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transformation of this transient results in a frequency domain spectrum with all the
superimposed frequencies present decomposed to show the individual cyclotron motions
from which it was made. The mass of each ion is approximately inversely proportional
to the cyclotron frequency associated with it. However, this spectrum must be
calibrated!8 with a compound that produces well-characterized ions, since the reciprocal
relationship is only approximate and the magnetic field can vary slightly with time. In
our experiments perfluorokerosene (PFK) was often used as the calibration standard.
Table 1 shows the principal ions produced by EI of PFK with 40 eV electrons. The
approximate relative abundances of the peaks are also shown. Neutral gases (such as
PFK) are introduced to the system through a stainless steel inlet system with ultrahigh
vacuum (UHV) leak valves to control the amount of gas released to the chamber.
Pressures of the neutral gases are measured with a Schultz-Phelps (SP) ion gauge, which
produces an ion current output that is directly proportional to the amount of gas present.
An MKS 390 HA-00001SP05 capacitance manometer is used calibrate the SP gauge.
The graph of ion current versus manometer pressure is fit to a straight line (using the
least squares algorithm) to determine the relationship between ion current and pressure.
This procedure must be followed to determine the calibration constant for each gas used.

EI ionization is accomplished by shooting electrons across the cell. As shown in
Figure 1, the electron gun is a filament that typically carries a current of approximately
0.3 pA. The collector electrode on the other side of the cell is held at a positive voltage
to draw the electrons across the cell. Holes in the trapping plates allow the electrons to
pass through the cell, and the energy of the electrons can be adjusted by varying the
potential on the collector electrode. To allow for LDI experiments, the excitation plates
have holes of approximately 0.5 cm diameter in the center of each plate. On one side a
metal target is mounted next to the orifice, while on the other side the orifice is in line
with a quartz window, allowing a laser to be shone through the cell to the target.

Irradiation of the target then desorbs reactant ions directly into the cell. Both the



Table 1. Principal Ions Produced by EI Ionization of PFK with 40 eV Electrons.

Ion miz Ratio Relative
Abundance (%)

CF3* 69.01 20
CsFst 131.03 60
C4Fg* 162.03 25
C4F7* 181.03 100
CsFg* 231.04 65
CeFo™* 243.05 60
CeF10t 262.05 20
CeFr1t 281.05 30
C/Firt 293.06 20
C7F13t 331.06 25

CgF5* 381.06 25



electron beam and the laser beam can be pulsed to avoid the continuous desorption of
ions, and these pulses are controlled by the pulse sequence program of the data

collection electronics.

Mathematical Description of the Ion Motions

To give the reader a greater appreciation of how the ions are trapped by an ICR
cell, we will now give a general description of the ion motion within an ICR trap. Inall
the discussion that follows, the magnetic field is always directed parallel to the z axis
and the electric and magnetic fields are symbolized by E and B, respectively (the bold
face type indicates vector quantities).

Static Magnetic Field. In this case the ion with charge ¢ and mass m moves in a

circular fashion around the magnetic field axis (see Figure 2). The radius r, of this
circular path is determined by the ion’s velocity v, which has magnitude v = r.@, (@, is
the associated angular velocity). Note that no work is done along this path, since the
Lorentz force is always perpendicular to the ion motion. Mathematically, this cyclotron
motion can be described by the equation of motion in equation 1. Each Cartesian

mv’ = g(vxB) (D

component of this vector equation can be described by equations 2a-2c, where B is the

v, = (g—li)v\. (2a)
m
v, = (ﬁ)vx (2b)
y m
v =0 (2¢)

F4

magnitude of B. The solution to these coupled differential equations, given in equations
3a-3d, describes the trajectory of an ion in a static magnetic field. By defining the new
x = rcos(wt + @) (3a)

rsin(@.t + 9) (3b)

Y

2= (V) + 2 (3¢)



10

Figure 2. The trajectory of an ion in a homogeneous magnetic field. The ion circulates

around the magnetic field axis with the cyclotron frequency @, and cyclotron radius r,.
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0 =8 (3d)

C
m
coordinate r = x + iy equations 3a and 3b can be combined to give equation 4. Writing
r=r ei(wcl+ @) (4)
c
the trajectory in this complex form shows more directly that the ion circulates around the
magnetic field axis with the cyclotron frequency @, and cyclotron radius r,. We can
also derive the value of r, by assuming that the ion is at thermal equilibrium at a

temperature 7. From the kinetic molecular theory and the theory of equipartition of

energy, we can write equation 5, where k is the Boltzmann constant. Substituting @,

2

my

— = kT 5
5 )

for v and solving for r, gives us equation 6. From this we can see that the cyclotron

r, = ——— (6)

radius decreases with increasing magnetic field and increasing ion charge.

Static Magnetic Field and Static Electric Field. In this case we can qualitatively

see that an ion will move in a circular fashion around the magnetic field axis and will
also oscillate in the z direction within the harmonic potential well generated by the DC
voltage (which has the same sign as the ions to be trapped) applied to both trapping
plates (see Figure 319). This trapping voltage removes the freedom of motion present in
equation 3c. However, a full solution of the equations of motion is required to calculate
quantitative trajectories. This full solution will also show that our qualitative look at the
ion motion missed one of the modes of motion present.

As before, we will start our derivation with the equation of motion. From

equation 7, we can represent that equation of motion with equation 8. To solve this we
E=-V<I>=-(——+—+—)CI> )

mv’ = gq(E + vxB) = g(-V® + vxB) &
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Figure 3. The electrostatic trapping field of a cubic ICR trap (left), showing the

parabolic potential well in the z direction for x = y = 0 (middle) and the radial, bell-

shaped potential in the xy plane for z =0 (right).
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must know the electrostatic potential, which can be found with Laplace’s equation

(equation 9), and the boundary conditions. For a cubic trap of length a, witha DC

# P >
Vo = d=0
(azx Tyt 822) ®)

potential V, applied at the trapping plates, the boundary conditions are given by

equations 10a and 10b. If a separation of variables is performed on equation 9 and the

<I>(J_r§,y,z) = <D(x,i%,z) =0 (10a)

<1>(x, y,i%) =V, (10b)

symmetry of the boundary conditions exploited, the solution of equation 9 can be given

as the Fourier series of equation 11,20 which is shown graphically in Figure 3. To

oy cosh( k, mz )COS{(Qm + l)ﬁy]cos[(Zn + l)nx]

® - 16Viz s p ;

2
7 =0 @m+D(2n+ 1)cosh(—k";” )

, (1D

k. = @2m + 1} + 2n + 1)
simplify this behavior, a Taylor expansion of equation 11 through third order in x, y
and z about the center of the cell (x = y = z = 0) can be used to approximate the
electric potential near the center of the cell as a quadrupolar potential. This approximate

potential is described in equation 12, and shown graphically in Figure 4.19 The
O ~V]|7- L+ - 22 (12)
quad t 2 a2 y

constants ¢ and 7y are both determined by the geometry of the cell; for a cubic cell o =

2.77373 and y= 1/3. Substitution of the expression for @, into equation 7 yields the

equation of motion for each Cartesian component as described in equations 13a-13c.

= (“‘fv' )x + (ﬁ)vy (13a)

S

am m

v, = (“vajy - (ig)vx (13b)

N

azm mn
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Figure 4. Two-dimensional isopotential contours of a quadrupolar excitation potential:
the upper drawing shows the contours for a perfect azimuthal quadrupolar excitation
potential, while the lower drawing shows the numerically calculated contours that exist
at the midplane of a cubic ICR cell. Note that near the center of the trap, the potential

closely approximates the pure quadrupole potential.
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v = -2(95111} (13¢)

a’m
Equation 13c is immediately seen to be the equation for a one-dimensional harmonic

oscillator and its trajectory can be represented as written in equations 14a and 14b,

Z = z,cos(@,t + ¢) (14a)

®, = 1}% (14b)
am

where , is the frequency of the axial oscillation of the ion between the trapping plates.
We can also derive the value of z,, the amplitude of the axial oscillation, by assuming
that the ion is at thermal equilibrium at a temperature 7. Again, from both the kinetic

molecular theory and the theory of equipartition of energy, we can write equation 135.

mﬁz kT
—& = — 15
> 3 (15)

The evaluation of vz2 is not as straightforward as the evaluation of v* in equation 5, since
the magnitude of v, is continually changing. However, since v,(7) is known, the
average value of v’ can be calculated and is found to be zj@?/2. Substituting this for

vz2 and solving for z,, we obtain equation 16. This trapping amplitude increases with

a’kT
Z, = 16
0 1/ v, (16)

increasing temperature or decreasing ion charge or decreasing trapping potential, but is

independent of the ion’s mass.
If we now use substitutions from equations 3d and 14b and define the new

coordinate r= x +iy, we can simplify equations 13a and 13b to equation 17, which
” . ’ 1 2 1
r’ +iwr - —2-er =0 a7n

describes the overall trajectory resulting from the x and y components of the equations

of motion. The solution of this differential equation is shown in equations 18a and 18b.

+ re’t (18a)

r=re®™
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w, = %(coc t ! - 2wf) (18b)

From equation 18a we see that the trajectory of the ion in the xy plane is a superposition
of two separate circular motions. The ion still rotates around the z axis with a cyclotron
radius r, (the distance from the cyclotron rotation center) and a reduced cyclotron
frequency of @, (which is approximately equal to @,). However, the center of the
cyclotron motion also rotates, following an equipotential line in the radial electrostatic
field (see Figure 3) with a magnetron frequency @_ and a magnetron radius r_. These
two superimposed motions are illustrated in Figure 5.21 It is interesting to note that this
motion is reminiscent of the planetary epicycles of Ptolemy. We can also use equation
18b to derive the limiting mass that can be trapped, since the periodic nature of the
cyclic motions require @, and @_ to be real. For these frequencies to be real, inequality
19 must hold. Substituting for @, and @, from equation 3d and 14b, the critical mass
- 2020 (19)

m, can be calculated as shown in equation 20. This critical mass tells us the upper mass

2p2
- qga’B (20)
4oV,

limit that can be trapped with the given conditions: an ion can be trapped only if m <

m,_. The overall trajectory of these three independent oscillations (the axial, cyclotron
and magnetron oscillations) is shown in Figure 6.19

Static Magnetic Field with Static and Dynamic Electric Fields. In this case the
absorbed resonant energy from the dynamic RF electric field will have an additional
influence on the ion motion. The electric field can excite any mode of motion as long it
is applied at the proper resonance frequency. There are various modes and methods of
exciting ions,22 but the most popular method is dipolar excitation.

In dipolar excitation, an RF electric field is applied to the opposing excitation

plates, with each plate being given opposing phases. We can calculate the postexcitation
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Figure 5. The cyclotron and magnetron motions of an ion in the xy plane are shown in
the upper drawing. r, and w, are the cyclotron radius and reduced cyclotron frequency,
while r_ and o_ are the magnetron radius and magnetron frequency. The lower
drawing shows the overall trajectory resulting from the combination of these two modes

of motion.
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Figure 6. Fundamental modes of ion motion in an ICR trap: the cyclotron motion, the
magnetron motion and the axial oscillation. The combination of these three modes gives

the overall trajectory.
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ion motion with equation 21 by equating the instantaneous single frequency power

au
P=— 21
7 21)

absorption by an ion, averaged over one cycle of its oscillation, to the time derivative of
the ion energy U (evaluated from the ion’s position in the quadrupolar trapping
potential). The average power P of RF excitation for a cubic trap has been described in

an approximate form for reduced cyclotron motion in equation 22,22¢ where = 0.72167

V r.o,
P = qp qpyY T 0, (22)

2a
and V,, is the peak-to-peak voltage of the RF electric field. The energy U, of the

reduced cyclotron motion (shown in equation 23, where w,=0,- w_) has been derived

m
U, = —2—a)pa)+rf (23)
using classical mechanics.23 Relating equations 22 and 23 through equation 21, we

obtain the differential equation of motion in equation 24. Assuming the initial cyclotron

Vv
nay, = Ll 4)

radius is negligible (r,(0)=0), we can write the solution to the equation of motion in

equation 25. Substitution of equation 25 into equation 18a yields equation 26, which

V t V t
ro= BVt BV 25)
2maa)p 2aB
V& . )
= qﬁ pp e-w)+t + r-e-la)_t (26)
2maa)p

describes the xy component of the ions postexcitation trajectory. Along with equation
14a for the z component of the ion’s motion, this gives a complete (though approximate)
representation of the postexcitation ion motion. Figure 717 shows a plot of the resultant

motion.
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Figure 7. Ion motion during the RF dipolar excitation of an ion’s cyclotron motion.
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Dipolar excitation can also be used to excite the magnetron mode of motion.

This is accomplished by using @_ as the excitation frequency instead of @,. The

trajectory that results is given in equation 27. However, the use of magnetron excitation

t
r = r(0) - %_ 27
2maa)p

can often lead to the unintentional ejection of ions, and as a consequence it is not often
used. We should note that both the cyclotron and magnetron modes of motion increase
linearly with the duration of the excitation.
Excitation and Detection of Ions

Excitation of ions is accomplished by applying a RF electric field to the trapping
plates. When the RF frequency matches the frequency of any of the natural cyclic
motions of the ion, the energy of the field is resonantly absorbed and that specific
motion will be excited. From equation 25, we can see that the final ion radius is directly
proportional to the excitation amplitude and independent of the ion mass and charge.
Therefore, if we are able to provide an excitation that is uniform in magnitude at each
frequency, all ions will be coherently excited to the same radius. This excitation can be
done at single frequencies, but is most commonly done with a frequency sweep.

Single frequency (or single-pulse) excitation was the first method used with FT-
ICR mass spectrometry.” A single frequency pulse of duration ¢ will produce in the
frequency domain a sine function centered at the frequency of excitation with a full-
width-at-half-maximum (FWHM) value of approximately 1.2/t Hz (see Figure 821).
Such pulses are useful for detection at a single mass or ejections at a single mass (if the
field amplitude and/or time duration of the pulse is large enough).

However, to take spectra with single frequency pulses is extremely time
consuming. To remedy this and allow for the excitation of ions over a wide frequency
range, frequency sweep excitation was introduced.24 This frequency sweep or “chirp”

excitation is the most commonly used excitation method in FT-ICR mass spectrometry.
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Figure 8. The time domain excitation waveform (left) and frequency domain magnitude

spectrum (right) of single frequency excitation.
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In this method the RF field is scanned linearly with time over the frequency range of

interest as described in equation 28a and 28b, where { is the frequency sweep rate and

i((oor+ —Cﬁ)
f@t) = e 20<t<T (28a)
f®) =0,t<0o0rt>T (28b)

@, is the initial frequency at ¢ = 0. The final frequency @, at =T is given by equation
29. Although broadband excitation is possible, there is still a problem: the excitation
W, = @y + T (29)

amplitudes are not constant over the frequency range. Variations in amplitude of +25%
are observed in the frequency spectrum with linear sweep excitation, making
quantification of absolute ion intensities difficult (see Figure 921). By slowing the
frequency sweep it is possible to flatten the power spectrum and decrease the amplitude
variation in the excitation. Even so, it is best to keep the mass peaks of interest near the
center of the mass range where the power spectrum is flatter. Frequency sweeps are
simple, but they should be used with care, especially for quantitative work.
Furthermore, as with single frequency excitation, frequency sweep excitations can be
used to eject ions in a given mass range if the field amplitude and/or time duration of the
pulse is large enough.

The ability of single frequency and frequency sweep excitation to eject ions from
the cell allows for the selective ejection of unwanted ions. This provides us with a
convenient way to isolate the ions of interest from unwanted ions for further study of
their subsequent chemistry. Since most methods of ion formation produce more than
just the ions of interest, we are rather lucky that excitation methods can also be used to
eject ions. |

The detected ICR signal can be derived with Comisarow’s signal model25 once
the ion motion has been properly described. From Comisarow’s signal model and

equations 25 and 26, the induced charge generated by the ion motion can be derived as
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Figure 9. The time domain excitation waveform (left) and frequency domain magnitude

spectrum (right) of frequency sweep excitation.
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written in equation 30, where Q(¢) is the induced charge on the plates, N is the number
Ny (30)
o = - 7[r+cos(a)+t) + r_cos(a)_t)]

of ions present, g is the charge of each ion and d is the distance between the plates.
This description is valid for magnetic and electrostatic trapping fields in a cubic cell, as
shown in Figure 10,17 and was derived by assuming the detection plates are extended to
infinity in the xy plane and that nothing interferes with detection of the ion by the
detection plates.

Equation 30 shows that both cyclotron and magnetron frequencies can be
detected and that the signal amplitude for each mode is proportional to the postexcitation
radius of each mode. Since the cyclotron mode is usually excited in an ICR experiment,

r

. » r_ after excitation and the detected signal will show mostly the cyclotron resonant

frequency. We could also excite the magnetron motion to a larger radius, but this is
rarely done for reasons discussed in the previous section. The conversion from induced
charge to an induced voltage is discussed by Comisarow.23

Standard Experimental Event Sequence

Examination of the standard experimental eQent sequence shows how the various
aspects of ICR experiments are combined to collect the data necessary to obtain a mass
spectrum. Figure 112! illustrates in a simplified form the experimental procedure in the
proper sequential order. Ions are initially formed with a specified ionization method and
then isolated if necessary with various combinations of single frequency or frequency
sweep excitations of high enough power to eject undesired ions. After isolation of the
ions of interest, a time delay is provided to allow the ions to undergo either unimolecular
reactions or bimolecular ion-molecule processes. The ions at the end of this delay period
are then simultaneously excited with another sweep excitation, and this excited cyclotron
motion is detected through the image currents these ions produce on the detection plates.

This current is then converted to a voltage and amplified. After detection, the resulting
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Figure 10. Illustration of how the induced charge (and image current) is generated on
the detection plates by an ion circulating inside an ICR cell with a homogeneous

magnetic field of strength B.
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Figure 11. Simplified illustration of the typical experimental event sequence, with the

conventional chemical manipulations listed at right.
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spectrum is then stored as a digital transient signal and a quench RF pulse covering the
whole mass range is applied to rid the cell of all ions in preparation for the next cycle of
events. The various pulses required to perform an experiment are controlled by the data
collection software.

We should note here that the initial kinetic energy of the ions immediately after
their formation can vary greatly depending on the method of formation. For example,
LDI leads to ions with high kinetic energies, while EI ionization produces ions of low
kinetic energy. The high velocity ions can be cooled (either collisionally or radiatively)
by allowing for more time between the ionization and excitation event and usually
results in higher spectral resolution. For this reason, longer delay times between the
ionization and excitation events are often introduced when ionization methods that
produce high kinetic energy ions are used.

Conclusions

The experimental aspects of FT-ICR mass spectrometry have been briefly
reviewed. The developmental history of FT-ICR mass spectrometry was briefly
discussed and the specific instrumentation needed to perform FT-ICR experiments was
described. The mathematical description of ion motion, excitation and detection within
the ICR cell has been considered and the way in which these various aspects of FT-ICR
mass spectrometry are combined into a standard experimental event sequence was
presented. This review should provide the necessary background information required to
understand the experimental techniques used to perform the experiments described

throughout the rest of this dissertation.
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Abstract

Fourier transform ion cyclotron resonance mass spectrometry has been used to
examine the reactions of Sc(CDj3)yt with methane, ethane, [2,2-Dj]-propane,
[1,1,1,4,4,4-Dg]-n-butane and [2-D]-isobutane. Sc(CD3)27 is not observed to react with
methane but for ethane, propane, n-butane and isobutane o-bond metathesis with
methane elimination is the initial and dominant reaction observed, with further
dehydrogenation of the resulting products occurring as additional reaction channels. For
propane, n-butane and isobutane the initial o-bond metathesis occurs predominantly at
the primary position. These processes are facile at room temperature and occur with
little or no activation energy. Measured total bimolecular rate constants with ethane,
[2,2-Dy]-propane, [1,1,1,4,4,4-Dg]-n-butane and [2-D]-isobutane are 4.7x10-11,
1.5x10-10, 4.4x10-10 and 4.3x10-10 cm3s-!molecule-1, respectively. The total reaction
rate of Sc(CH3)p* with unlabeled n-butane was measured to be 4.3x10-10 ¢cm3s-1
molecule-l. With the butanes a second intramolecular metathesis reaction follows the
bimolecular process to yield a metallacycle product. In accordance with earlier
theoretical predictions these metathesis reactions appear to proceed via an allowed four-
center mechanism similar to that of a 25 + 24 cycloaddition. The observed site

selectivity also agrees with theoretical predictions.
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Introduction
Steigerwald and Goddard have predicted that the degenerate hydrogen exchange
reaction of D, with transition metal complexes such as CI,MH (M = Sc, Ti, Tit) can

occur via a four-center mechanism similar to 25+ 24 cycloaddition (Scheme I). They

Oxidative |V,
MX* + YZ Addition M*—X MY + XZ
/
Z
Four-Center
Sigma Bond Y—Z
MX* + yz—Metathesis : : MY' + XZ
Mt— X
Scheme I

found that these reactions can proceed at low energies with small barriers and that the
barriers decreased as the Lewis acid character of the metal increased.! These predictions
have interesting implications with regard to the reactivity of Sc(CD3),* with alkanes.
This ion has an extremely acidic metal center and should therefore be capable of reacting
via a four-center mechanism. Also, since Sct has only tWo valence electrons, it is
capable of forming no more than two strong ¢ bonds,%3 while oxidative addition
mechanisms for reactions of Sc(CD3),t with alkanes require the formation of four o
bonds (see Scheme I). This suggests that Sc(CD3)* must react via a four-center
mechanism if it is to react at all.

Exceptional reactivity in other scandium complexes has also been observed.
Thompson et al. have observed o-bond metathesis reactions with permethylscandocene
derivatives,4 and they invoked a four-center mechanism for this process. Huang et al.
have observed o-bond metathesis reactions of Sc(CHz)y+ with alkenes,*b and such
reactivity has also been observed in other transition metal systems.4¢->-7 It might be
thought that Sc(CH3),* could exhibit such o-bond metathesis reactions with alkanes.

We have used labeled compounds to investigate the reactions of Sc(CD3)2t with small
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alkanes to see if any site selectivity is observed, as previous studies have found that
attack can occur at both primary and secondary C-H bonds in hydrocarbons.”-9 In this
study we report the results of the reaction of Sc(CD3)2* with ethane, [2,2-D3]-propane,
[1,1,1,4,4,4-Dg]-n-butane and [2-D]-isobutane.
Experimental

Reactions were investigated with Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometry, of which a number of reviews are available.10 A I-in. cubic
trapping cell is located between the poles of a Varian 15-in. electromagnet maintained at
1.0 T. Pressures were measured with a Schultz-Phelps ion gauge calibrated against an
MKS 390 HA-00001SP05 capacitance manometer. Uncertainties in the absolute
pressure limit rate constants to an accuracy of £20%. Labeled [2,2-D3]-propane (98%
D), [1,1,1,4,4,4-Dg]-n-butane (98% D) and [2-D]-isobutane (98% D) were obtained
commercially from Merck, Sharp and Dohme and purified by freeze-pump-thaw cycling.

Sc* ions were produced by laser ablation of a scandium metal target with a N2
laser at 337.1 nm. The reactant ion was generated by reaction 12 and unwanted ions

Sct + CD3CH,CH,CD3 — Sc(CD3)y* + CHCH (1)

were ejected from the cell using double resonance techniques!! and/or frequency sweep
excitation.!2 Reactions of isolated Sc(CD3);* were first examined with labeled n-
butane. Methane, ethane, labeled propane or labeled isobutane were then added along
with the labeled n-butane and reactions due to the additional alkane were observed. In
order to determine if any kinetic isotope effects were present, the reaction of isolated
Sc(CH3),* (made via reaction 1 using unlabeled n-butane) with unlabeled n-butane was
examined. Rate constants were determined in a straightforward manner, from slopes of
semilog plots of the decay of reactant ion abundance versus time, with various pressures

of the neutral reactants.



46

Results
Reaction with Methane. The thermoneutral exchange reaction of Sc(CD3)2* with
Sc(CD3)yt + CHy — CD3ScCH3t+ + CD3H )
CHy (reaction 2) was not observed. For reaction 2 we estimate that k < 1x10-11 cm3s-1
molecule-l.
Reaction with Ethane. The only process observed is reaction 3. For reaction 3
Sc¢(CD3);+ + CH3CH3z — CD3ScCH,CH3t + CD3H 3)
k =4.7x10-11 cm3s-!molecule-! and the reaction efficiency k/kLangevin = 0.045.

Reaction with Propane. The main process observed with the labeled propane is

0% , CD3ScCH,CD,CH3 * + CD3H (4)

Sc(CD3)* + CH3CD,CH 3——

10% , CD3ScCD(CHz),* + CDy4 (5)
the metathesis reaction 4. Reaction 5 is a minor pathway (see Figure 1). For the
reaction of Sc(CD3),t with labeled propane the total bimolecular rate constant k =
1.5x10-10 ¢cm3s-!molecule-! and the reaction efficiency k/k spo = 0.14.13

Reaction with n-Butane. Reactions 6-8 are observed with labeled n-butane (see
Figure 1). Unlabeled n-butane shows the same product distribution, but without labeling
we are unable to differentiate between the n-butyl and sec-butyl products. It is
postulated that reaction 8 occurs when the vibrationally excited product of reaction 6 has

enough energy for a second intramolecular metathesis reaction, resulting in the

30% , CD3ScCD5(CH3),CD3* + CDy (6)
Sc(CD3)y* + CD3(CH);CD3 —3%, CD3ScCH(CD3)CH,CD3+ + CD3sH  (7)
D .
L65%, p,C +CD4+CD3H (8)
S¢t D '

metallacycle product. For the reaction of Sc(CD3);t with labeled n-butane the total

bimolecular rate constant k = 4.4x10-10 cm3s-Imolecule-! and the reaction efficiency
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Figure 1. Products of reaction of Sc(CD3)2* with [2,2-D3]-propane and [1,1,1,4,4,4-
Dg]-n-butane. Spectrum was taken 140 ms after isolation of Sc(CD3)2+. The main
peaks above m/z 130 correspond to ScRy*, R = alkyl. Peaks at m/z 61 and 79 correspond

to ScO* and Sc(OH),*, respectively.
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k/k apo is 0.39.13 For the reaction of Sc(CH3),* with unlabeled rn-butane the total
bimolecular rate constant k = 4.3x10-10 cm3s-Imolecule-! and the reaction efficiency
k/k apo is 0.37.13

Reaction with Isobutane. Reactions 9 and 10 are observed with labeled isobutane
(see Figure 2). Reaction 10 occurs when the vibrationally excited product of reaction 9

has enough energy for a second metathesis reaction to yield the metallacycle product.

35% , CD3ScCH,CD(CH3),+ + CD3H 9)

D
| 65% , Sc<>< +2CDsH  (10)

For the reaction of Sc(CD3);t with labeled isobutane the total bimolecular rate constant

Sc(CD3)yt + (CH3)3CD —

k = 4.3x10-10 cm3s-! molecule-! and the reaction efficiency k/k apo is 0.37.13
Discussion

With ethane, propane, n-butane and isobutane o-bond metathesis reactions occur
where a methyl group of Sc(CDs3),t is replaced by either a ethyl, propyl, n-butyl or
isobutyl group. Indeed, in the reaction with n-butane and isobutane, the n-butyl and
isobutyl groups appear to undergo a second intramolecular o-bond metathesis reaction
(reactions 8 and 10) to form four-membered metallacycles. The metathesis reactions
could proceed via an oxidative addition/reductive elimination pathway or via a four-
center intermediate (see Scheme 1). Again, since Sc* has only two valence electrons
with which to form strong ¢ bonds,2:3 we favor a four-center mechanism for these
metathesis reactions. The high kinetic efficiencies observed indicate low barriers for
these metathesis reactions, in accordance with the predictions of Steigerwald and
Goddard.!

All of the labeled hydrocarbons we used contained hydrogen at their primary
positions except the labeled n-butane, which was deuterated at its primary positions.

Since the deuterium labels of n-butane could affect the measured total bimolecular rate
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Figure 2. Products of reaction of Sc(CD3),* with [2-D]-isobutane and [1,1,1,4,4,4-D¢]-
n-butane. Spectrum was taken 400 ms after isolation of Sc(CD3),*. The main peaks
above m/z 130 correspond to ScRyt, R = alkyl. Peaks at m/z 61 and 63 correspond to

ScO* and ScOH»*, respectively.
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constant, we observed the reaction of Sc(CH3),+ with unlabeled n-butane to see if
kinetic isotope effects were present. The total bimolecular rate constants measured for
labeled and unlabeled n-butane were practically identical (kgy/kp = 0.98). Thus we
conclude that little or no isotope effect exists.

The rate constants for the reaction of Sc(CD3),* with n-butane and isobutane are
almost the same and are about 2.9 times as large as that for reaction with propane. In
contrast, ethane is only a tenth as reactive as the butanes and methane is not observed to
react at all with Sc(CD3);*. The latter observation agrees with the theoretical
predictions of Perry and Goddard!4 that the degenerate metathesis reaction of methane
with Sc(CH3),* has a net barrier of approximately 12 kcal mol-!. The higher kinetic
efficiencies seen for the reactions of Sc(CD3)2* with the butanes and propane can be
accounted for by the deeper potential wells which result from the increased
polarizabilities of the larger alkanes. This makes it easier to overcome the intrinsic
barrier to o-bond metathesis. These results are reminiscent of the reactions of Cot with
hydrocarbons, where larger hydrocarbons deepen the electrostatic potential well for the
Co*-alkane adduct, more strongly binding the alkane to Co* and lowering the barrier to
bond insertion below the energy of the reactants?-15 (see Figure 3).

Site specificity was observed for the reactions of Sc(CD3),* with propane, n-
butane and isobutane (see Figures 1 and 2). For propane and n-butane, the initial
metathesis reactions (reactions 4-7) show a marked preference for attack at primary
rather than secondary C-H bonds. For isobutane the initial metathesis reaction (reaction
9) occurs only at primary C-H bonds. No attack is seen at the tertiary site. These are
interesting results considering that secondary and tertiary C-H bonds are weaker than
primary C-H bonds.16 For Sc(CH3),t, steric effects are not likely to be important at the
uncrowded metal center, even in the four-center transition state for o-bond metathesis.

Perry and Goddard!4 have recently presented a theoretical study of the reactions of
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Figure 3. Schematic of a general potential energy surface showing how the initial
electrostatic potential well can affect the height of a barrier relative to the energy of the
reactants. Deepening the initial electrostatic well can lower the barrier to reaction below
the energy of the reactants. The upper curve would be appropriate for the reaction of
Sc(CD3)z+ with methane, which is predicted to have a barrier of 12 kcal mol-! (reference
14). The lower curve would correspond to the reaction with ethane, propane and the

isomeric butanes.
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Sc(CHj3),* with alkanes and found that the differences in bond strengths for Sc*-R for
the series R = CH3, CpHs, i-C3H7 and #-C4Hg match closely the differences in bond
strengths for H-R. This suggests that the exchange reaction Sc*-R + R-H — Sc*-R” +
R-H should be thermoneutral for this series. However, alkyl groups larger than ethyl are
able to bend around and interact with the Sc* center. The additional interaction or
"solvation" with the alkyl group further stabilizes the Sc* center by about 3 kcal mol-! in
the case of the n-propyl substituent.!4 This stabilization explains the observed
preference for reaction at primary sites with the larger alkanes in this investigation.
While reaction at the secondary position of propane is thermoneutral, reaction at the
primary position is exothermic by approximately 5 kcal mol-1. Reaction at primary C-H
bonds may also be favored by the structure of the most stable Sc*-alkyl adduct. Perry et
al. have found that the Co*-propane adduct is more stable when it exhibits N4
coordination to the two primary carbons than when it exhibits 72 coordination to the
secondary carbon.!> Sc(CH3),* may show similar behavior when it forms an adduct
with propane.

Our results in this system contrast with results obtained by Weinberg and Sun,8
who find that in the case of propane reacting with a Pt surface attack at secondary C-H
bonds is preferred over attack at primary C-H bonds. However, reactions of iridium
complexes in solution? and Co* with propane? in the gas phase have shown a preference
for attack at primary C-H bonds.

Though numerous examples of four-center o-bond metathesis reactions of have
been documented,4-7 to our knowledge the present results comprise the first example of
alkanes showing such reactivity with such a comparatively simple metal complex and
the first case where a larger alkyl group replaces a smaller alkyl group at the metal
center. Previous studies*7 used experimentally measured equilibrium constants for o-
bond metathesis reactions to evaluate relative metal-X bond strengths for a series of

complexes. This method of evaluating relative metal-X bond strengths may also prove
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to be useful in the present system for evaluating absolute Sct-R bond strengths, since the
absolute value of the Sct-CH3 and CH3Sc*-CHj3 bond energies are known.!7 It might
also prove possible to extend these experiments to different series of ligands and
different metals. We are currently conducting experiments in our laboratory along these

lines.
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Abstract

Fourier transform ion cyclotron resonance mass spectrometry has been used to
examine the reactions of CH3ScCH,CH3s+ with [D4]-methane, ethane, [2,2-D;]-propane,
[1,1,1,4,4,4-Dg]-n-butane, [2-D]-isobutane, n-pentane and [Djs]-n-pentane.
CH3ScCH2CH3* is not observed to react with methane or ethane but for propane, n-
butane, isobutane and n-pentane o-bond metathesis with ethane elimination is the initial
and dominant reaction observed, with further dehydrogenation of the resulting products
occurring as additional reaction channels. For propane, n-butane and isobutane no
methane elimination is observed. For n-pentane methane elimination is a minor reaction
channel. For propane, n-butane and isobutane the initial o-bond metathesis involves
predominantly the primary C-H bonds of the hydrocarbon. These processes are facile at
room temperature and occur with little or no activation energy. Measured total
bimolecular rate constants with [2,2-Dj]-propane, [1,1,1,4,4,4-Dg]-n-butane, [2-D]-
isobutane and n-pentane are 0.87x10-10, 0.98x10-10, 1.7x10-10 and 6.4x10-10 cm3s!
molecule-1, respectively. With the butanes and pentane a second intramolecular
metathesis reaction follows the initial addition to yield a metallacycle product. In
accordance with earlier theoretical predictions these metathesis reactions appear to
proceed via an allowed four-center mechanism similar to that of a 245 + 24 cycloaddition.
The higher reactivity of the metal-ethyl bond compared to the metal-methyl bond and the

observed C-H bond specificity are also in agreement with theoretical predictions.
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Introduction
Previous studies in our laboratory have revealed the exceptional reactivity of
Sc(CD3)y* with small alkanes.! A four-center cycloaddition mechanism was invoked

for o-bond metathesis occurring at the metal center (Scheme I), in accord with the

) 0 Y
Oxidative N

MX* + yz-—Addition e—x MY* + XZ
Four-Center
Sigma Bond Y—2Z
Mt + yz-—Metathesis : MY* + XZ
‘e H

Scheme 1

prediction of Steigerwald and Goddard that certain organometallic systems containing an
extremely acidic (in the Lewis sense) metal center should exhibit this kind of reactivity.2
These reactions of Sc(CD3)y* with small alkanes do not involve oxidative addition
mechanisms since Sc* has only two valence electrons, which precludes the formation of
more than two strong ¢ bonds.3 The reactions also exhibit a high degree of site
specificity, with attack at the primary position of a small alkane favored over attack at
“secondary or tertiary positions.! This result agrees well with theoretical predictions of
the enthalpies of these reactions as calculated by Perry and Goddard.# Similar site
specificity has also been observed for reactions of Co* with propane in the gas phase’
and for reactions of iridium complexes in solution.6

Though the reactivity of Sc(CD3)2+ has been investigated, no studies have yet
been done on the reactivity of mixed ligand systems such as CH3ScCH,CH3t. By
examining the reactions of CH3ScCH,CH3*, we can investigate how the reactivity
changes as larger ligands are introduced to the metal center. We can also attempt to
elucidate the factors that favor the reactivity of one ligand over that of another ligand,

and observe the effect that a second and larger ligand might have on the selectivity
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previously seen in smaller systems.! The focus of the present work is to examine the
relative reactivities of the metal-methyl and metal-ethyl bonds. Theoretical results of
Perry and Goddard indicate that the Sc*-C bond in Sc*-CH3 is approximately 5 kcal
mol-! stronger than the Sc*-C bond in Sc+-CH,CH3.4 From this we can estimate that

the process shown in reaction 1 should be about 5 kcal mol-! more endothermic than the

» CH3z + ScCHCH3+ (D
CH3ScCH,CH3*

» CH3CH7 + ScCH3* 2)

process shown iiri reaction 2. This suggests that the methyl and ethyl groups should
behave differently for reactions of CH3ScCH2CH3* with small alkanes. It might also be
suspected that replacement of one of the methyl groups by an ethyl group could affect
the reactivity of the remaining methyl group compared to the reactivity observed for
methyl groups in Sc(CD3);t. Synergistic effects of one ligand upon another metal-
ligand bond strength within the same complex have been observed in the gas phase even
for linear, two-ligand metal complexes.” Thus it is possible that CH3ScCH,CH3* may
exhibit a trans influence,® with the ethyl group affecting the bond energy or other
properties of the remaining Sct-CHj3 bond. Since Sc(CD3)+ shows a preference for
attack at the primary positions of small alkanes,! we have used labeled compounds to
see if any site selectivity is observed in the reactions of CH3ScCHCH3zt with
hydrocarbons. In this study we report the results of the reaction of CH3ScCH,CH3*
with [D4]-methane, ethane, [2,2-d)]-propane, [1,1,1,4,4,4-dg]-n-butane, [2-D]-isobutane
and n-pentane.
Experimental

Reactions were investigated with Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometry, of which a number of reviews are available.® Only details
relevant to these experiments are outlined here. A 1-in. cubic trapping cell is located

between the poles of a Varian 15-in. electromagnet maintained at 1.0 T. Data collection
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is accomplished with an IonSpec Omega 386 FT-ICR data system and associated
electronics. Neutral gases are introduced into the cell by separate leak valves and their
pressures are measured with a Schultz-Phelps ion gauge calibrated against an MKS 390
HA-00001SPOS5 capacitance manometer. Uncertainties in absolute pressures are
estimated to be £20%. Labeled [2,2-D;]-propane (98% D), [1,1,1,4,4,4-d¢]-n-butane
(98% D) and [2-D]-isobutane (98% D) were obtained commercially from Merck, Sharp
and Dohme. Labeled [D4]-methane (99% D) and labeled [D17]-n-pentane (98% D) were
obtained commercially from Cambridge Isotope Laboratories. All reactant gases utilized
were purified by freeze-pump-thaw cycling.

Sct ions were produced by laser ablation of a scandium metal target with a N
laser at 337.1 nm.!:10 The reactant ion was generated by reaction of Sc* with n-pentane
and unwanted ions were ejected from the cell using double resonance techniques!!
and/or frequency sweep excitation.!2 Reactions of isolated CH3ScCH2CH3* with n-
pentane were examined first. Some experiments were performed with mixed samples of
n-pentane and [Dy3]-n-pentane in order to confirm the presence of certain structures.
These mixed reagent experiments will be discussed in more detail in the results and
discussion sections. The pentane pressures used in these experiments were in the range
(2-3)x10-7 Torr.. Labeled methane, ethane, labeled propane, labeled n-butane or labeled
isobutane were then added along with the n-pentane and reactions due to the additional
alkane were observed. The pressure of the additional methane or ethane used was about
1x10-6 Torr, while the pressure of the additional alkanes larger than ethane were
typically in the range (3-7)x10-7 Torr. Rate constants were determined in a
straightforward manner, from slopes of semilog plots of the decay of reactant ion
abundance versus time and the pressure of the neutral reactant. The reported rate
constants are averages of several different sets of experimental data taken at different
pressures of the neutral gases. Errors are estimated to be £20% due to uncertainties in

absolute pressure determination. All experiments were performed at ambient
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temperature. To insure accurate product distributions, all distributions given in the next
section were determined at short reaction times, before any subsequent secondary
reactivity could affect the observed product distribution.
Results

Reaction of Sc*_with n-Pentane - Generation of CH3ScCH,CH3*. A typical
mass spectrum showing the products of the reaction of Sc* with n-pentane is presented
in Figure la. Figure 1b shows a typical semilog plot of the decay of the Sc* abundance
with time and the temporal variation of product ion abundances following the isolation

of Sc+. The initial processes observed are reactions 3-7. The metallacycle product of

35% , CH3ScCH,CH3* + CHyCHp (3)
Sc+ + CH3(CHp)3CH3 2%, W +Hy @)
Sc*
| 15% , ScCsHgt + 2Hp (5)
|10% , 0— +CHy (6)
Sct
L20% , ScC4Hgt + CHy + Hp (7

reaction 6, ion II, has been previously observed.l:32 Studies of the reaction of Sct with
labeled n-butane show that 1,3 dehydrogenation of the n-butané to form ScC4Hg* is
observed, which is consistent with the formation of IL.32 In addition, the previously
observed reaction of labeled isobutane with Sc(CD3);* leads to the formation of ion III,

which is the only structure consistent with the observed mass peak.! The postulated

I II III
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Figure 1a. Products of the reaction of Sct* with n-pentane. Spectrum was taken 450 ms
after isolation of Sct. Peaks at m/z 141 and 143 correspond to dehydrogenated
CH3CH,ScCsH+. The main peaks above m/z 145 correspond to ScRpt, R = alkyl.
The peaks at m/z 61 and 103 correspond to ScO* and ScOC3Hg™, respectively. The
peaks at m/z 71, 75 and 85 correspond to ScCyHa*, Sc(CH3),*t and CH3ScCCH,

respectively.

Figure 1b. A semilog plot of the decay of the Sc+ abundance with time for a single
experimental run. The line is a fit to the data. The constant Sc* abundance observed in
the first 100 ms "induction period" is most likely due to translationally excited Sc* ions
that must cool down before they can react. The temporal variation of the product ion
distribution for the reaction of Sc* with n-pentane is also shown. The relative intensities
of the Sct-alkyl products involving n-pentane include the contribution from secondary
dehydrogenated products which are associated with the main Sct-alkyl peaks and
formed by subsequent unimolecular reactions of the primary Sc*-alkyl products. Note
the lack of deviation from linearly for the data, which suggests that little or no excited

Sct is present.
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metallacycle product of reaction 4, ion I, is analogous to the metallacycle formed in
reaction 6 and ion III. Reactions 5 and 7 are observed when the nascent products of
reactions 4 and 6 dehydrogenate. For the reaction of Sct with n-pentane the total
bimolecular rate constant k = 1.2x10-% cm3s-!molecule-! and the reaction efficiency
klkapo is 0.85.13

CH3ScCH2CH3* can react further with n-pentane as shown in reactions 8-18. A
typical semilog plot of the decay of the CH3ScCHCH3* abundance with time and the
temporal variation of product ion abundances following the isolation of

CH3ScCH»CH3t is shown in Figure 2. It is postulated that reaction 16 occurs when the

20% , CH3ScCsHj * + CH3CH3 8)
1 25% , ScCgH o+ + CH3CH;3 + Hp ©)
CH3ScCH,CH3* 5% , SeCeH 0+ + CH3CH; + 2Hp (10)
+ 1 1®, CH3CH,-Sc+-CsHy + CHy (11)
CH3(CHp)3CH3 2%, ScC7Hi4* + CHy + Hy (12)
3%, ScCqH o+ + CHy + 2H, (13)
15%, A— + (2CoHg or C3Hg + CHy) (14)

Sct

1%, ScC4Hg* + (2C2Hg or C3Hg + CHy) +Hy  (15)

10% O—/ + CH3CH3 + CHy (16)

Sct
[ 3%, ScCsHg* + CH3CH3 + CHy + Hp (17)
3%, ScCsHg* + CH3CH3 + CHy + 2H> (18)

vibrationally excited products of reactions 8 or 11 have enough energy for a second
intramolecular metathesis reaction, resulting in the observed metallacycle product. The

neutral products of reactions 14 and 15 are uncertain. Reactions 9, 10, 12, 13, 15, 17 and
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Figure 2. A semilog plot of the decay of the CH3ScCH2CH3* abundance with time for
a single experimental run. The line is a fit to the data. The temporal variation of the
product ion distribution for the reaction of CH3ScCH2CH3* with n-pentane is also
shown. The relative intensities of the Sc*-alkyl products involving n-pentane include
the contribution from secondary dehydrogenated products which are associated with the
main Sct-alkyl peaks and formed by subsequent unimolecular reactions of the primary
Sct-alkyl products. Note the lack of deviation from linearly for the data, which suggests

that little or no excited CH3ScCHCH3* is present.
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18 are observed when the nascent products of reactions 8, 11, 14 and 16 dehydrogenate.
The reaction of CH3ScCH,CH3+ with n-pentane will be discussed in more detail in the
next section.

Since CH3ScCsHj;* is the predominant product of the reaction of
CH3ScCH,CH3+ with n-pentane, it was also isolated so that its reactivity with n-pentane
could be examined. A semilog plot of the temporal variation of ion abundances
following the isolation of CH3ScCsHj1* is shown in Figure 3. Reactions 19-23 are the
initial processes observed, and it appears that adduct formation with the neutral n-
pentane generates enough energy to either collisionally or chemically activate the

CH3ScCsH* ion. This strongly suggests that CH3ScCsHjt is in fact a precursor to

30% (3_/ + CH4 + CH3(CH2)3CH3 (19)

+
CH3ScCsHpt Sc

+ — 2%, ScCsHgt + CHy + Hy + CH3(CH)3CH3  (20)
CH3(CH;)3CH3 L 20% , ScCsHgt + CHy + 2Hp + CH3(CH)3CH3  (21)

15%
| 15% , + CoHg + CH3(CHy)3CH3 (22)

SC+

10% , ScC4Hg+ + CoHg + Hy + CH3(CH2)3CH3  (23)

the metallacycle species and supports our postulate that the metallacycle of reaction 16
results from vibrationally excited CH3ScCsHp+ ions. At longer reaction times the
abundance of both metallacycle products decrease and the formation of ScCphHpt
products with n 2 7 and m > 12 is observed. Reactions 20, 21 and 23 are observed when
the nascent products of reactions 19 and 22 dehydrogenate. For the reaction of
CH3ScCsH11* with n-pentane the total bimolecular rate constant k = 1.6x10-10 cm3s-1

molecule-! and the reaction efficiency k/kapo is 0.15.13
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Figure 3. A semilog plot of the decay of the CH3ScCsH ;% abundance with time for a
single experimental run. The line is fit to the data. The temporal variation of the
product ion distribution for the reaction of CH3ScCsHj+ with n-pentane is also shown.
The relative intensities of the Sc*-alkyl products involving n-pentane include the
contribution from secondary dehydrogenated products which are associated with the
main Sct-alkyl peaks and formed by subsequent unimolecular reactions of the primary“

Sct-alkyl products.
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Reaction 3 was utilized to generate the CH3ScCHpCH3* ion, which was then
isolated as shown in Figure 4a for further study of its reactivity.

Reaction of CH3ScCH,CH3*_ with n-Pentane - Elucidation of Structures.
Reactions 8-18 are observed with n-pentane (see Figures 2 and 4b). Single and multiple
loss of hydrogen is observed from all the nascent products of reactions 8, 11, 14 and 16.
For the reaction of CH3ScCHCH3* with n-pentane the total bimolecular rate constant k
= 6.4x10-10 cm3s-1 molecule-! and the reaction efficiency k/kapo is 0.55.13 In order to
determine if an isotope effect is present we also observed the reaction of
CD3ScCD,CD3* with [D12]-n-pentane. The reaction with labeled n-pentane shows the
same product distribution as in the unlabeled case, and the total bimolecular rate
constant k = 6.5x10-10 cm3s-1molecule-1 and the reaction efficiency k/kapo is 0.56.13

Reactions of CH3ScCH,CH3t and CD3ScCD,CD3* with n-pentane/[Dj2]-n-
pentane mixtures were also observed to provide corroborating evidence that the major
product is in fact CH3ScCsH 1+ and not CH3CH2ScC4Hg*, both of which have the same
mass. When CH3ScCH,CH3t+ was isolated and reacted with labeled n-pentane, only
reaction 24 was observed. Reaction 25 was not seen (Figure 5a). Analogously, when

» CH3ScCsDy;* + CH3CDH,  (24)
CH3ScCH,CH3* + CD3(CD32)3CD3
x> CH3CH2ScC4Dgt + C2D3H3 (25)
CD3ScCD,CD3t was isolated and reacted with unlabeled n-pentane, only reaction 26
> CD3ScCsHyt + CD3CDyH  (26)
CD3ScCD2CD3+ + CH3(CH3)3CHj3
x—> CD3CD,ScC4Hot + CoD3H3 (27)
was observed. Reaction 27 did not occur (Figure 5b). These observations support our
assertion that the major product of the reaction between CH3ScCHCH3* and n-pentane

is CH3ScCsH ™.
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Figure 4a. Demonstration of our ability to isolate the CH3ScCH2CH3* ion from
unwanted products of the reaction of Sc* with n-pentane. Spectrum was taken 400 ms

after generation of Sc+.

Figure 4b. Products of the reaction of CH3ScCH,CH3*t with n-pentane. Spectrum was
taken 400 ms after the isolation of CH3ScCHpCH3*. Peaks at m/z 141 and 143
correspond to dehydrogenated CH3CH2ScCsHyi*. The main peaks above m/z 145
correspond to ScRy+, R = alkyl. The peaks at m/z 61 and 103 correspond to ScO* and
ScOC3Hg*, respectively. The peaks at m/z 71, 75 and 85 correspond to ScCoHa™,
Sc(CH3),t and CH3ScCCH, respectively.
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Figure 5a. Products of the reaction of CH3ScCHCH3* with a mixture of n-pentane and
[D12]-n-pentane between m/z 120 and 160. Spectrum was taken 600 ms after the

isolation of CH3ScCH,CH3*. Note the absence of any CH3CH2ScC4Dot product.

Figure 5b. Products of the reaction of CD3ScCD2CD3* with a mixture of n-pentane and
[Dj2]-n-pentane between m/z 120 and 160. Spectrum was taken 700 ms after the

isolation of CD3ScCD,CD3*. Note the absence of any CD3CD2ScCyqHg* product.
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Reaction of CH3ScCH,CH3* with Methane and Ethane. The possible exchange

reactions of CH3ScCH,CH3+ with CD4 were not observed. We estimate that for the
reaction of CH3ScCHyCH3*+ with methane the total bimolecular rate constant k£ <
1x10-12 cm3s-Imolecule-l. The possible exchange reactions of CD3ScCD,CD3* with
CH3CHj3 were also not observed. Labeled n-pentane was used since we did not possess
labeled ethane. We estimate that for the reaction of CD3ScCD,CD3* with ethane the
total bimolecular rate constant is less than 1x10-12 cm3s-Imolecule-l.

Reaction of CH3ScCH>CHs* with Propane. Reactions 28 and 29 were observed

2%, CH3ScCH,CD,CH3+ + CH3CH3  (28)

CH3ScCH,CH3t + CH3CDCH3 —

10% , CH3ScCD(CH3);+ + CH3CDHy  (29)

with labeled propane (see Figure 6a), but reactions in which the methyl group instead of
the ethyl group was exchanged were not observed. For the reaction of CH3ScCH,CH3*
with labeled propane the total bimolecular rate constant k = 0.87x10-10 cm3s-1
molecule-! and the reaction efficiency k/kapo = 0.08.13

Reaction of CH3ScCH,>CH3* with n-Butane. Reactions 30-32 were observed

30% , CH,ScCDy(CH,),CDa+ + CH3CDH, — (30)

CH3ScCH,CH3*
+ —13% , CH3ScCH(CD3)CH,CD3t + CH3CHz ~ (31)
CD3(CH2)2CD3
65% D3c-(§(D +CH3CDH, +CHs  (32)
Sct D

with labeled n-butane (see Figure 6b). Methyl exchange reactions were not seen. It is
postulated that reaction 32 occurs when the vibrationally excited product of reaction 30
or 31 has enough energy for a second intramolecular metathesis reaction, resulting in the
metallacycle product. It should be noted that the labeling of the hydrocarbon products

shown in reaction 32 assumes that the initial metathesis occurs as shown in reaction 30.
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Figure 6a. Products of the reaction of CH3ScCHCH3* with [2,2-D3]-propane.
Spectrum was taken 250 ms after the isolation of CH3ScCH,CH3+. The main peaks
above m/z 125 correspond to ScRy*, R = alkyl. The peak at m/z 61 corresponds to ScO*.
The peaks at m/z 71, 75 and 85 correspond to ScCoHz*, Sc(CH3)2* and CH3ScCCHT,

respectively.

Figure 6b. Products of the reaction of CH3ScCHpCH3* with [1,1,1,4,4,4-Dg]-n-butane.
Spectrum was taken 250 ms after the isolation of CH3ScCH,CH3*. The main peaks
above m/z 125 correspond to ScRp*, R = alkyl. The peaks at m/z 61 and 73 correspond

to ScOt and ScCyHyt, respectively.
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However, since reaction 31 is also observed as a minor reaction pathway, hydrocarbon
products with the opposite labeling are also present but in significantly smaller
quantities. For the reaction of CH3ScCH,CH3* with labeled r-butane the total
bimolecular rate constant k = 0.98x10-10 cm3s-1molecule-! and the reaction efficiency
klkapo = 0.09.13

Reaction of CH3ScCH,CH3*with Isobutane. Reactions 33 and 34 were observed

20% , CH3ScCH,CD(CH3)* + CH3CH3 — (33)

D
S0%, Sc©< + CH3CH;3 + CHy (34)

with labeled isobutane (see Figure 6¢). No reactivity is observed at the tertiary site of

CH3ScCH,CH3* + (CH3)3CD —

isobutane. Reaction 34 occurs when the vibrationally excited product of reaction 33 has
enough energy for a second intramolecular metathesis reaction to yield the metallacycle
product. For the reaction of CH3ScCH,CH3t with labeled isobutane the total
bimolecular rate constant & = 1.7x10-10 cm3s-!molecule-! and the reaction efficiency
klkapo = 0.15.13

Discussion

Reaction of CH3ScCH»>CHs* with Small Alkanes. Overview. Table 1

summarizes the observed reactivity of CH3ScCH,CH3* with the small alkanes examined
in this study. Only the initial reaction observed with each alkane is noted in this
summary of our results. With propane, n-butane, isobutane and n-pentane o-bond
metathesis reactions occur where an ethyl group of CH3ScCHCH3* is replaced by
either a n-propyl, n-butyl, isobutyl or n-pentyl group. Reaction efficiencies range from
approximately 0.1 for propane to 0.55 for n-pentane. Methyl group replacement was
observed only for the reaction of CH3ScCH,CH3* with n-pentane, and even in this case
methyl group replacement waS only responsible for 10% of the reactivity (Table 1). In

the reaction with n-butane, isobutane and n-pentane the n-butyl, isobutyl and n-pentyl
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Figure 6¢. Products of the reaction of CH3ScCH,CH3* with [2-D]-isobutane. Spectrum
was taken 250 ms after the isolation of CH3ScCHCH3*. The main peaks above m/z
125 correspond to ScRp*, R = alkyl. The peak at m/z 61 corresponds to ScO*. The

peaks at m/z 71 and 75 correspond to ScCoHa* and Sc(CH3),™*, respectively.
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groups undergo a second intramolecular o-bond metathesis reaction (reactions 14, 16, 32
and 34) to form four-membered metallacycles. Similar reactivity was seen for the
reaction of Sc(CD3)z+ with n-butane and isobutane. ! These metathesis reactions could
proceed via an oxidative addition/reductive elimination pathway or via a four-center
intermediate (see Scheme I). Again, since Sc* only has two valence electrons with
which to form strong ¢ bonds,3 we favor a four-center mechanism for these metathesis
reactions.

Since the labeled hydrocarbons contained deuterium, it was possible that kinetic
isotope effects would be present. Thus we examined the reaction of CD3ScCD,CD3*
with [D17]-n-pentane so that we could observe any possible kinetic isotope effects. The
total bimolecular rate constants measured with n-pentane and [Dj;]-n-pentane were
practically identical (kg/kp = 0.98). The product distributions observed with n-pentane
and [D7]-n-pentane were also indistinguishable. Thus we conclude that isotope effects
are unimportant in this system, even though the reaction is not occurring at the collision
limit. This result is not surprising, since Sc(CD3),* also exhibited no isotope effects in
its reactions with small alkanes.!

When CH3ScCH,CH3+ was reacted with n-pentane we expected the major
product to be CH3ScCsHj;+. However, it was possible that this product could actually
be CH3CH,ScC4Ho*, which has the same mass as CH3ScCsHj*. To discount this
possibility, we performed experiments in which CH3ScCH;CH3* or CD3ScCD2CD3*
were reacted with n-pentane/[Dj3]-n-pentane mixtures. Regardless of whether
CH3ScCH,CH3+ or CD3ScCDCD3t was the reactant ion, only mass peaks
corresponding to CH3ScCsDj1*+ or CD3ScCsHt were seen. No peaks corresponding
to CH3CHScC4Dg* or CD3CD,ScCqHgt were observed (Figure 5). In addition to
showing that CH3ScCsHt is the major product of the reaction of CH3ScCH»CH3*
with n-pentane, these results also provide evidence that the ion product of reaction 3 is

CH3ScCH,CH3* and not an isomer such as the Sc(C3Hg)* adduct.
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Group Specificity. Group specificity was observed in the reactions of
CH3ScCH,CH3* with propane, n-butane, isobutane and n-pentane. For propane, n-
butane and isobutane the initial metathesis reactions (reactions 28-31 and 33) exhibit
only ethyl exchange. No methyl exchange is seen in the initial metathesis reactions. For
n-pentane the initial metathesis process (reactions 8 and 11) exhibits mostly ethyl
exchange. 10% or less of the initial metathesis process is due to methyl exchange for n-
pentane. From these observations it is apparent that ethyl exchange is much more
favorable than methyl exchange with every alkane we examined.

To explain these observations, we first note that Perry and Goddard* have
performed theoretical calculations which predict that the Sc*-CH3 bond is about 5 kcal
mol-! stronger than the Sct-CH2CH3 bond. Thus, even though the H-CH3 bond is about
4 kcal mol-! stronger than the H-CH,CH3 bond,!4 overall it is still energetically more
favorable (by 1 kcal mol-!) to exchange an ethyl group than a methyl group (see Table
2). A larger difference probably characterizes the activation energies for the competitive
processes, however, since in the transition state the weaker metal carbon bond is
probably being ruptured prior to formation of the stronger C-H bond in the products.
This is illustrated in Figure 7 for propane. In addition, ethane has a stronger electrostatic
interaction than methane with Sc* due to its larger polarizability. Thus losing ethane
rather than methane should give rise to a deeper potential energy well in the exit channel.
This may also lower the energy of the transition state for this process, as shown in Figure
7. These effects conspire to make the loss of ethane more favorable than the loss of
methane.

In the case of propane, n-butane and isobutane it appears that the electrostatic
potential wells are deep enough to lower the energy of the transition state for loss of
ethane below the energy of the reactants but not deep enough to lower the energy of the
transition state for methane loss below the energy of the reactants. Thus there is a net

barrier to the loss of methane, but no barrier to the loss of ethane. This is why no methyl
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Table 2. Predicted Reaction Enthalpy®P for the o-Bond Metathesis Reaction Sc*-R +

R*-H — Sc*-R” + R-H.

R  R=CH; GCH; nGCH, i-CH, tCH,
CH, 0.0 1.0 4.2 1.9 2.2
C,H; -1.0 0.0 5.2 0.9 1.2

n-CH, | 42 5.2 0.0 6.1 6.4
i-CH, | -19 | -09 -6.1 00 0.3
CHy | 22 -1.2 -6.4 -0.3 0.0

a[n kcal mol-!. PData from reference 4.
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Figure 7. Schematic of a general potential energy surface showing how the nature of the
ligand being lost can affect the electrostatic potential wells present. Note that the
stronger electrostatic interaction of ethane with Sc* and the fact that the Sct-CH,CH3
bond energy is about 5 kcal mol-! less than the Sc*-CH3 bond energy lowers the
potential energy curve for the formation of ethane below the curve for the formation of
methane. Both effects conspire to make loss of the ethyl group much more favorable

than loss of the methyl group.
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exchange is observed for the reaction of CH3ScCHCH3* with propane and the isomeric
butanes. On the other hand, n-pentane has a higher polarizabilityl3 than either
propanel6 or the isomeric butanes.!7 Thus the initial electrostatic potential energy well
formed with n-pentane is deeper than with propane or the isomeric butanes. This lowers
the energy of the transition state for methane loss enough that it is below the energy of
the reactants when n-pentane is the neutral reactant. However, the energy of the
transition state for ethane loss is still lower than that for methane loss, so that ethane loss
is still the major process observed. These observations support the prediction of Perry
and Goddard4 that the Sc+-CH,CH3 bond is weaker than the Sc*-CH3 bond.

Site Specificity. In addition to group specificity, site specificity was also
observed for the reactions of CH3ScCHyCH3* with propane, n-butane and isobutane (see
Figure 6). For propane and n-butane the initial metathesis reactions (reactions 28-31)

| show a marked preference for attack at primary rather than secondary C-H bonds. For
isobutane the initial metathesis reaction (reaction 33) occurs only at primary C-H bonds.
No attack is seen at the tertiary site.

These results are identical to those observed with Sc(CD3),*,! and these results
are again counterintuitive considering that secondary and tertiary C-H bonds are weaker
than primary C-H bonds.!4 However, Perry and Goddard's* recent theoretical study of
Sc*-C bond strengths in Sc-alkylt species has found that the differences in bond
strengths of Sc*-R for the series R = CH3, CHs, i-C3H7 and #-C4Hg match closely the
differences in bond strengths for H-R. This would suggest that the exchange reaction
Sc*-R + R”-H — Sc*-R” + R-H should be thermoneutral for this series, but alkyl groups
larger than ethyl are able to bend around and interact with the Sc* center. This
additional interaction or "solvation" with an alkyl group can further stabilize the Sc*
center. For example, the n-propyl substituent further stabilizes the Sc* center by about 3
kcal mol-! with this additional "solvation."4 This stabilization, which should be present

in the transition state for the reactions as well, explains the observed preference
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exhibited by CH3ScCH,CH3*+ for reaction at primary sites with the larger alkanes in this
study.

Reaction at primary C-H bonds may also be favored by the structure of the most
stable Sc*-alkyl adduct. Perry et al. have found that the Co*-propane adduct is more
stable when it exhibits n# coordination to the two primary carbons than when it exhibits
712 coordination to the secondary carbon.18 CH3ScCH,CH3* may show similar behavior
when it forms an adduct with propane.

Our results in this system contrast with results obtained by Weinberg and Sun,1?
who found that in the case of propane reacting with a Pt surface attack at secondary C-H
bonds is preferred over attack at primary C-H bonds. However, reactions or iridium
complexes in solution,® Cot with propane in the gas phased and Sc(CD3),* with small
alkanes in the gas phase! have shown a preference for attack at primary C-H bonds.

Overall Reaction Efficiencies. The largest rate constant we observed was for the
reaction of CH3ScCH,CH3+ with n-pentane. The rate constant for reaction with pentane
was about 3.8 times larger than that for reaction with isobutane, while the rate constant
for reaction with isobutane was about 1.7 times larger than that for reaction with n-
butane and about 2.0 times larger than that for reaction with propane. Ethane and
methane are not observed to react at all with CH3ScCH,CH3*. This trend is analogous to
the trend seen with Sc(CD3);*.1 The increase in reaction efficiency seen as the alkane
reacting with CH3ScCHCH3t increases in size can be accounted for by the deeper
potential wells which result from the increased polarizabilities of the larger alkanes.
This makes it easier to overcome the intrinsic barrier to o-bond metathesis (Figure 8).
These results are reminiscent of the reactions of Cot with hydrocarbons, where larger
hydrocarbons deepen the electrostatic potential well for the Co*-alkane adduct, more
strongly binding the alkane to Co* and providing more energy for chemical

activation.318
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Figure 8. Schematic of a general potential energy surface showing how the initial
electrostatic potential well can affect the height of a barrier relative to the energy of the
reactants. Deepening the initial electrostatic well can lower the barrier to reaction below
the energy of the reactants. The upper curve would be appropriate for the reaction of
CH3ScCH,CH3* with methane or ethane. The lower curve would be appropriate for the

reaction of CH3ScCH;CH3* with propane, the isomeric butanes or n-pentane.
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Furthermore, the kinetic efficiencies observed for CH3ScCH,CH3* reacting with
propane, n-butane and isobutane are lower than for Sc(CD3);* reacting with the same
alkanes.!] This observation suggests that, compared to the energy of the reactants, the
energy of the transition state for the reaction of CH3ScCH;CH3* with propane, n-butane
or isobutane is higher than the energy of the transition state for the reaction of
Sc(CD3)2+ with the same alkane. This effect could be due to extra steric interactions
introduced by the larger ethyl group or a possible trans effect® of the methyl and ethyl
groups upon each other's bond strength with Sct. Similar synergistic effects in two-
ligand gas-phase metal-ion complexes have been previously observed.” The group
specificity observed in the reactions of CH3ScCH,CH3* with propane, n-butane,
isobutane and n-pentane is another example of how the replacement of one methyl group
with an ethyl group synergistically affects the reactivity of the remaining methyl group
compared to the reactivity observed for methyl groups in Sc(CD3),*.

The observation that ethane and methane do not react with CH3ScCH,CH3*
appears to be in accordance with the theoretical prediction of Perry and Goddard* that
the degenerate metathesis reaction of methane with Sc(CH3),* has a net barrier of about
12 kcal mol-1. Table 2 shows the theoretical values calculated by Perry and Goddard for
several metathesis reactions involving small alkanes. Even though methyl and ethyl
exchange reactions with both CH3ScCH,CH3* and Sc(CDj3),* are calculated to be
approximately thermoneutral, CH3ScCHCH3* does not react with either methane or
ethane, and Sc(CD3)>* does not react with methane,! providing experimental support for
the presence of an overall barrier to these reactions. In these cases, the energy of the
transition state is apparently higher than the energy of the reactants (upper curve of
Figure 8). However, both CH3ScCH;CH3* and Sc(CD3),* react with alkanes larger
than ethane. In these cases the energy of the transition state is below the energy of the

reactants so that no net barrier to reaction exists, as shown by the lower curve in Figure
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8. Our observation that both CH3ScCH;CH3* and Sc(CD3),t react with alkanes larger

than ethane is in accordance with the prediction of Steigerwald and Goddard.2

Reaction of Sc*_and n-Pentane and Reaction of Subsequent Product Ions with n-

Pentane. The reaction of Sc+ with n-pentane produced a complex mixture of products.

At long times many high mass R'ScR* products, where R and R’ are alkyl groups, were
observed. In order to determine which ions were the precursors of these species, various
product ions of the reaction of Sc* with n-pentane were isolated and allowed to react in
turn with n-pentane. CH3ScCH,CH3* reacted with n-pentane to produce mostly
CH3ScCsH 1, CH3CH2ScCsHyt, I, IT and small amounts of R'ScR* products of
higher mass which result from subsequent reactions of the main product ions.
CH3ScCsH 1t also reacted with n-pentane to produce mostly R'ScR* where R and R are
larger than ethyl. What is of interest here is that CH3ScCH,CH3* reacted with n-
pentane via a o-bond metathesis involving only C-H bond activation, as was seen
previously for the reaction of Sc(CD3);+ with small alkanes.! The reaction of
CH3ScCH,CH3* with alkanes smaller than n-pentane, as observed in this study, also
involved only C-H bond activation. But the fact that CH3ScCsH1;* can produce R'ScR+
where either R or R' is not a pentyl group and the fact that II can be formed from
CH3ScCsH i1t seems to suggest that some intermolecular and intramolecular C-C bond
activation is occurring.

| Observation of the reaction of CH3ScCsH;+ with n-pentane also provided us
with direct evidence that intramolecular o-bond metathesis does occur. I and II were
both observed to form from isolated CH3ScCsHjjt. These products could only be
observed if intramolecular o-bond metathesis were occurring. This supports our
postulate that excited CH3ScR* ions, where R = n-butyl, isobutyl or pentyl, can perform

a second intramolecular o-bond metathesis reaction to form metallacyclic products.
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Abstract

Fourier transform ion cyclotron resonance mass spectrometry has been used to
examine the o-bond metathesis reactions of Sc(CH3),* with the secondary C-H bonds of
cyclohexane and cyclopentane. Methane elimination, accompanied by further
dehydrogenation, is the initial and dominant reaction observed. These processes are
facile at room temperature and involve little or no activation energy. Measured total
bimolecular rate constants for the reaction of Sc(CH3)2* with cyclohexane and
cyclopentane are 6.2x10-10 and 5.1x10-10 cm3s-Imolecule-!, respectively. The total
bimolecular rate constant for the reaction of Sc(CD3)* with cyclohexane is measured to
be 6.6x10-10 cm3s-Imolecule-l. In accordance with earlier theoretical predictions these
metathesis reactions appear to proceed via an allowed four-center mechanism similar to
that of a 24 + 24 cycloaddition. The observed gas-phase reactivity is also compared to
the liquid-phase reactivity of similar complexes and the implications are discussed.
Introduction

Previous studies have observed o-bond metathesis reactions for a variety of
transition metal systems!-4, including scandium.> Exceptional reactivity has also been
observed between Sc(CD3)* and sﬁlall alkanes in our laboratory.® In these gas-phase
reactions a four-center mechanism was invoked for metathesis reactions occurring at the

metal center (see Scheme I), in accord with the prediction of Steigerwald and Goddard

B cua(cuz)ct
S

——~CD;ScCHy* + CD;H

A
D¢ D

Four-Center Sigma Bond Metathesis

SC(CD3)2+ + n-C4H10——>

Scheme I



100

that certain organometallic species containing an extremely acidic (in the Lewis sense)
metal center should exhibit this kind of reactivity.” These metathesis reactions exhibited
a high degree of site selectivity, with activation of the primary C-H bonds of a
hydrocarbon being strongly favored relative to activation of the secondary and tertiary
C-H bonds.6 Similar positional reactivity has been observed in other studies.#-2.8.9
Recent theoretical results suggest a thermodynamic explanationlO of the
preference for reaction at primary C-H bonds in the gas phase.6:9 However, in the liquid
phase the preference for reaction at primary C-H bonds has been attributed to steric
effects.52 For example, in the liquid phase cyclohexane does not react with
Cp*2ScCH3,1!1 but use of 13C Hy shows that Cp*2ScCH3 will undergo methyl
exchange.52 Though it would appear that reaction with cyclohexane is sterically
hindered, it is possible that the observed reactivity could be controlled by other factors.
To examine this possibility, we have investigated the reaction of Sc(CHz)z+ with
simple compounds which do not possess primary C-H bonds, specifically cyclohexane
and cyclopentane. Although Sc(CH3),;* is charged while Cp*2ScCH3 is not, both are
formally dOSc(III) complexes and both undergo o-bond metathesis, 36 as would be
expected of electron deficient systems.7 In fact, Steigerwald and Goddard? performed
their calculations on the neutral ClpScH system, but their results apply equally well to
cationic scandium systems. In addition, even though Sc(CHj3);* may be more
electrophilic than Cp*ScCH3, theoretical calculations by Bauschlicher and Langhoff
find that the Sc-CH3 and Sc*-CH3 bond energies differ by only 4 kcal mol-! and that the
Sc-H and Sc+-H bond energies differ by only 5 kcal mol-! (in both cases, the neutral has
the lower bond energy).12 So it does not appear to be unreasonable to compare the
reactivity of Sc(CH3)p* and Cp*3ScCH3 with cyclohexane. Compared with
Cp*2ScCH3, there is little steric crowding around the metal center in Sc(CH3)2*. Thus,
if Sc(CH3),t reacts with cyclohexane and cyclopentane, this would support the

suggestion that steric factors are the main reason Cp*2ScCH3 (and similar compounds)
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does not react with secondary C-H bonds. If Sc(CHj3)* is not reactive with cyclohexane
and cyclopentane, this would suggest that other (perhaps electronic or thermodynamic)
factors control the reactivity toward secondary C-H bonds in both the gas and liquid
phase.

We should also note that when a straight chain alkane reacts with Sc(CD3),*,
competitive intramolecular reactivity occurs between the primary and secondary C-H
bonds. Though we have observed that primary C-H bonds are more reactive than
secondary C-H bonds toward Sc(CD3),+,6 such observations only tell us about their
relative reactivity toward Sc(CD3),*. Secondary C-H bonds might be rather nonreactive
toward Sc(CH3),t and provide little or no intramolecular competition with primary C-H
bonds. Alternatively, secondary C-H bonds might be quite reactive toward Sc(CH3)2t,
but the more reactive primary C-H bonds still win the intramolecular competition for
reaction with Sc(CH3),*. However, since cycloalkanes have only secondary C-H bonds,
there are no primary bonds present to compete with the secondary bonds. Thus the
reactivity we observe between Sc(CH3)>* and cycloalkanes should shed light on the
absolute reactivity of secondary C-H bonds, without intramolecular competition from
primary C-H bonds.

Experimental

Reactions were investigated with Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometry, of which a number of reviews are available.13 In the Caltech
instrument, a 1-in. cubic trapping cell is located between the poles of a Varian 15-in.
electromagnet maintained at 1.0 T. Pressures were measured with a Schultz-Phelps ion
gauge calibrated against an MKS 390 HA-00001SP05 capacitance manometer. The
instrument at the University of Nice-Sophia Antipolis has the same specifications,
except that pressures are measured with a Bayard-Alpert (BA) ionization gauge (Alcatel
BN 111). The operation of the BA gauge has been described previously.l4

Uncertainties in the absolute pressure limit rate constants to an accuracy of +20%.
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Cyclohexane and cyclopentane were obtained commercially from Aldrich and purified
by freeze-pump-thaw cycling.

Sc+ ions were produced by laser ablation of a scandium metal target with a N2
laser at 337.1 nm. The reactant ion was generated by reaction 115 and unwanted ions

Sct+ + CH3CHCH,CH3 — Sc(CH3),* + CH2CH2 (1)
were ejected from the cell using double resonance techniques!® and/or frequency sweep
excitation.17 Cyclohexane and cyclopentane were then added along with n-butane and
reactions due to the additional alkane were observed. In order to further elucidate
reaction mechanisms and identify possible kinetic isotope effects, the reaction of isolated
Sc(CD3)2* (made via reaction 1 using [1,1,1,4,4,4-Dg]-n-butane) with cyclohexane was
examined. Rate constants were determined in a straightforward manner, from slopes of
semilog plots of the decay of reactant ion abundance versus time, with various pressures
of the neutral reactants.

Collision induced dissociation (CID) experiments were also performed on the
instrument in France. The CID experiments were performed in the multiple-collision
regime using previously described methodologies.!® Argon at a pressure of about
9.0x10-7 torr was used as the collision gas. The collision energy was varied between O
and 50 eV in the laboratory.

Results
Reaction with Cyclohexane. Sc(CH3);* can react with cyclohexane as shown in

reactions 2-6 (see Figure 1a). The main process observed with cyclohexane is the

=%, CH3ScCgH 1+ + CHa 2)

160% , CH3ScCgHg* + CHg + Hp 3)

Sc(CH3)y* + c-CgHip —>2 CH3ScCgH7+ + CHy + 2H; @)
3%, ScCeHg* + 2CHy + Hp (5)

2%, ScCgHg* + 2CHy + 2H (6)
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Figure la. Products of reaction of Sc(CH3),* with cyclohexane. Spectrum was taken
600 ms after isolation of Sc(CH3)2*. The peaks above m/z 150 correspond to ScRp*, R
= alkyl. Peaks at m/z 61, 77 and 79 correspond to ScO+, CH3ScOH* and Sc(OH),™*,
respectively. Peaks at 101, 115 and 117 correspond to ScC4Hg*, CH3ScC4H7* and
CH3ScC4Hog*, respectively. These products (marked with bullets) result from reactions

with the n-butane neutral. No products were observed above m/z 200.
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metathesis reaction 2 and the accompanying dehydrogenations of reactions 3 and 4.
Reaction 5 is observed when the nascent product of reaction 3 eliminates methane, while
reaction 6 is seen when the nascent product of reaction 5 loses hydrogen. Reaction 6
could also be observed when the nascent product of reaction 4 eliminates methane, but it
is unlikely that such a process would occur (see the discussion section). When
Sc(CD3),* is reacted with cyclohexane a nearly identical product distribution is seen
(within experimental error). Additional metathesis reactions with a second cyclohexane
molecule were not observed. To insure that the products of reaction 5 and 6 are formed
from the nascent product of reaction 3, CID experiments were performed on the isolated
CH3ScCgHo* ion (see Figure 1b). These experiments confirmed that excitation of
CH3ScCgHo* leads to the formation of ScCgHgt and ScCeHe*. The CID of
CH3ScCgHot also led to the formation of CH3ScCgH7+. For the reaction of Sc(CHa)t
with cyclohexane the total bimolecular rate constant k = 6.2x10710 cm3s-1 molecule-!
and the reaction efficiency k/kangevin = 0.51.1920 For the reaction of Sc(CD3)y* with
cyclohexane the total bimolecular rate constant k = 6.6x10710 cm3s-Imolecule-! and the
reaction efficiency k/kLangevin = 0.55.19-20

Reaction with Cyclopentane. Sc(CH3),t reacts with cyclopentane as shown in

reactions 7-10 (see Figure 2). The main process observed with cyclopentane is the

19% , CH3ScCsHo* + CHy (7)

Sc(CHz)y* + c-CsH g —15%%5 CH3ScCsH7* + CHy + Ha (8)
1 25% , CH3ScCsHs* + CHy + 2Hp 9)

5% , ScCsHe+ + 2CH, + Hp (10)

metathesis reaction 7 and the accompanying dehydrogenations (reactions 8 and 9).
Reaction 10 is observed when the nascent product of reaction 8 eliminates methane. For
the reaction of Sc(CH3),* with cyclopentane the total bimolecular rate constant k =

5.1x10710 cm3s-Imolecule-! and the reaction efficiency k/kLangevin = 0.43.19:21
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Figure 1b. Spectrum of products from the CID of isolated CH3ScCgHg*. For this
spectrum the maximum energy in the laboratory frame of reference is 48 eV,

corresponding to a center-of-mass collision energy of 10.6 eV. The peaks at m/z 99 and

124 (marked with asterisks) are due to electrical noise.
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Figure 2. Products of reaction of Sc(CH3)2+ with cyclopentane. Spectrum was taken
840 ms after isolation of Sc(CHz3)2*. The main peaks between m/z 135 and 170
correspond to ScRp*, R = alkyl. Peaks at m/z 61, 77 and 79 correspond to ScO%,
CH3ScOH* and Sc(OH),*, respectively. Peaks at 101, 103, 115 and 117 correspond to
ScC4Hg*, ScC4H 0%, CH3ScC4H7t and CH3ScC4Hgt, respectively. These products

(marked with bullets) result from reactions with the n-butane neutral.
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At longer times the product of reaction 8 can subsequently undergo o-bond
metathesis and accompanying dehydrogenation with a second cyclopentane, as shown in

reactions 11-13 In principle, the ionic products of reactions 7 and 9 could undergo the

> Sc(CsH7)ot + CHy + Hy (11)
CH3ScCsH7+ + c-CsHyg —— » ScC1oH12t + CHy + 2H (12)
> Sc(Cs5Hs)2+ + CHy + 3Hp (13)

same reactions, but since the CH3ScCsH7* product of reaction 8 predominates, we only
show its specific reactions. A rate constant was not derived for this process. Such
reactivity was not observed with cyclohexane.
Discussion

Overview. In this study o-bond metathesis reactions involving secondary C-H
bonds are observed to occur with cyclohexane and cyclopentane, where a methyl group
of Sc(CHj3),t is replaced by either a cyclohexyl or cyclopentyl group. Subsequent
dehydrogenation of the metathesis product is observed with both cyclohexane and
cyclopentane. With cyclohexane, a second methane is eventually eliminated leading to
the formation of Sc(10-CgHg)*. Sc(n6-CgHg)* has also been previously observed in the
reaction of Sct with cyclohexane.22 In general, metathesis reactions can proceed via an
oxidative addition/reductive elimination pathway or via a four-center intermediate.
Since Sc* has only two valence electrons with which to form strong ¢ bonds,1523 we
favor a four-center mechanism for these metathesis reactions (as shown in Scheme I for
the reaction of Sc(CDj3);* with n-butane). The high kinetic efficiencies observed
indicate low barriers for these metathesis reactions, in accordance with the predictions of
Steigerwald and Goddard.”

To investigate the possible presence of kinetic isotope effects, we also used
[1,1,1,4,4,4-Dgl-n-butane to generate Sc(CD3),*, which we then allowed to react with
cyclohexane. The total bimolecular rate constants measured with each ion differed

slightly (kg/kp = 0.94), indicating that a small but measurable isotope effect exists in this
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system. This is a slightly larger isotope effect than seen previously with straight chain
alkanes but the deuterium labeled system has the larger rate constant, consistent with
previous observations.69

Small amounts of ScO*, CH3ScOH* and Sc(OH);* are observed from the
reaction of Sc(CH3),+ with trace amounts of water in the background gas. These ions
have been observed previously.6:9 Though the ion at m/z 61 is assigned to be ScO*, it
could also correspond to Sc(CH4)*. However, the absence of any shift in this peak when
Sc(CD3)* was used confirms the assignment as ScO+.

The efficiencies (kreaction’kcollision) for the reaction of Sc(CHjz)p* with
cyclohexane and cyclopentane differ by about 20%, with cyclohexane exhibiting the
larger kinetic efficiency. The higher kinetic efficiency seen for the reaction of
Sc(CH3)* with cyclohexane can be accounted for by the deeper potential well which
results from the larger polarizability of cyclohexane.20.2l This makes it easier to
overcome any intrinsic barrier to o-bond metathesis. These results are consistent with
previous observations of Sc(CD3),t reacting with straight chain hydrocarbons,® and
reminiscent of the reactions of Co* with hydrocarbons, where larger hydrocarbons
deepen the electrostatic potential well for the Co*-alkane adduct. This provides greater
chemical activation to the system, which facilitates overcoming the barrier to bond
insertion.8,24

Comparison of Gas-Phase and Liquid-Phase Reactivity. Previous gas-phase®:9
and liquid-phase52 work involving c-bond metathesis processes with scandium have
shown a preference for reaction at primary C-H bonds. In the liquid phase, this
preference has been attributed to steric effects resulting from the bulky Cp* ligands
bound to scandium. However, in the gas phase the Sc(CH3),* ion exhibits the same
preference.

Recent theoretical results suggest that the exchange reaction Sc+-R + R™-H —

Sct-R” + R-H (R = small alkanes) should be approximately thermoneutral in the gas



112

phase.10 However, alkyl groups larger than ethyl can bend around and interact further
with the Sc* metal center via an ion-polarization interaction. This additional interaction
will further stabilize the Sc* metal center, but can only occur if primary C-H bonds are
attacked. Thermodynamic considerations can, therefore, explain the observed preference
Sc(CH3),* shows for reacting with primary C-H bonds.0 Since there is no steric
crowding around Sc(CH3);*, the thermodynamic explanation is the only way to
rationalize this preference for reaction at primary C-H bonds in the gas phase.

Thus, when a straight chain alkane reacts with Sc(CH3)2*, the primary and
secondary sites intramolecularly compete with each other. This competition is usually
won by the primary site. Unfortunately, this tells us nothing of the absolute reactivity of
secondary C-H bonds toward o-bond metathesis reactions. All it shows is that primary
sites are more reactive. However, both cyclohexane and cyclopentane contain only
secondary C-H bonds and both exhibit high kinetic efficiencies in their reactions with
Sc(CH3)2*. This shows that secondary C-H bonds are not thermodynamically forbidden
from reacting. In fact, secondary C-H bonds are very reactive toward o-bond
metathesis, but primary C-H bonds are even more reactive. The preference to react at
primary C-H bonds is simply a reflection that the intrinsic barrier to primary C-H bond
activation is lower than the intrinsic barrier to secondary C-H bond activation.

What implications does this have for the liquid-phase reactivity of Cp*;ScCH3
toward C-H bonds? Our present results show that the preference of Sc(CH3),t to react
with primary C-H bonds in the gas phase does not imply that secondary C-H bonds will
not react when no primary C-H bonds are present. This observation supports the view
that it is steric effects in the liquid phase that modify the potential energy surface so as to
render Cp*2ScCH3 unreactive toward cyclohexane.52

Reaction Energetics. The product distributions from the reaction of cyclohexane
with Sc(CHj3),* and the CID of CH3ScCgHgt exhibit an interesting and subtle feature.

Very little CH3ScCgH7* is seen in the direct reaction of Sc(CH3);* with cyclohexane,
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while a large amount is produced by CID of CH3ScCgHg*. However, Sc(n-CgHg)*+ and
ScCgHgt are observed to form in both cases. To explore this point further, we have
constructed a reaction coordinate diagram (see Figure 3) for the processes shown in
reactions 2-6. Thermochemical values relevant to this work are shown in Tables 1 and
2. The necessary values were mostly obtained directly from the literature or calculated
from other literature values in a straightforward manner. However, some had to be
estimated as follows.

For Sc-(n®-CgHg)*, Lech and Freiser?? found from bracketing experiments that
the bond energy was 53%5 kcal mol-l. However, recent work by Meyer et al.28 has
determined the Ti-(n6-CgHg)* and V-(16-CgHg)* bond energies to be 62 and 56 kcal
mol-1, respectively. This suggests that the Sc-(170-CgHg)* bond energy may be slightly
higher than 53 kcal mol-!. Thus we estimate the Sc-(19-CgHg)* bond energy to be
approximately 60 kcal mol-1.

For CH3Sc-(n3-CgHg)* one might expect the Sct-(13-CgHg)t bond energy to be
intermediate between the bond energies of Sc-(n4-CgHg)* and Sc-(12-CgH1p)*. But
prior work by Huang et al.5b has found that CH3Sc-(173-C3Hs)* is approximately 15 kcal
mol-1 more stable than Sct-(I-butene). Assuming that the bond energy of
Sc*-(1-butene) is 45 kcal mol-! (similar to the bond energy of 47 kcal mol-! for
Sct-(2-butene) calculated from known heats of formation?3) we can then calculate from
known thermochemistry23 that the bond energy of CH3Sc-(13-CgHog)* is approximately
75 kcal mol-l. As this value seems a bit high, we estimate the value of the
CH3Sc-(1n3-CgHo)* bond energy to be 70 kcal mol-!, which is slightly larger than the
Sc-(n4-CgHg)* bond energy. Furthermore, we would expect CH3Sc-(13-CgH7)* to
exhibit parallel behavior and have a bond energy slightly larger than that for
Sc-(n%-CgHg)*. Therefore, we estimate the CH3Sc-(13-CgH7)* bond energy to be 65

kcal mol-1.
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Figure 3. Illustration of reaction energetics for processes resulting from interaction of
cyclohexane with Sc(CH3);*. The relative energies are derived from the
thermochemistry given in Tables 1 and 2. Some of the values have significant
uncertainties (see text for discussion). Note the comparatively high energy required to

reach CH3Sc(1°-CgH7)*, which prevents the formation of CH3(H)Sc(n6-CgHg)*.

Because of this, CH3ScCgHg* will preferentially lose methane to form ScCgHg*.
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Table 1. Gas-Phase Heats of Formation at 298 K for Chemical Species Relevant to this

Work.ab
Species AH’£ 293 (kcal mol-1)
CHy4 -17.8(0.1)
CH; +35.1(0.2)C
H +52.1(0.1)
Sc+ +241(5)
ScCH3* +217(6)4
Sc(CH3z)p* +192(7)¢
ScH+ ‘ +237(5)d
ScHp* +230(6)°
c-CgHia -29.5(0.1)
c-CgHi11 +13.9(1)¢
c-CeHio -1.1(0.1)
c-CgHg +29.8(1)f
c-CgHs +25.4(0.1)
c-CgH7 +47(5)¢
CeHg +19.8(0.1)

aUncertainties are in parentheses. bUnless otherwise noted, all values come from
Reference 25. CReference 26. 9Derived from the equation AH’f298(ScX*) =
AH’£298(Sct) + AH’t298(X) - D*298(Sc*-X). The appropriate bond energy is taken
from Table 2. ¢Derived from the equation AH'f298(ScX2%) = AH’f298(ScX*t) +
AH’£298(X) - D°298(XSc*-X). The appropriate bond energy is taken from Table 2.
fDerived from the measured bond energy of the allyl hydrogen to cyclohexene, using the
equation AHf293(c-CeHy) = AH'f298(c-CeHi0) - AH’£298(H) + D’298(cyclohexenyl-

allyl H). The appropriate bond energy is taken from Table 2.
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Table 1. (Continued)

Species AH’£ 298 (kcal mol-1)
CH3Sc+-CgH11 +180.9(8)8
CH3Sc+-(m3-CeHo) +176.8(9)8
Sct-(n4-CgHg) +201.4(8)d
CH3Sct-(13-CgH7) +199(10)8
Sc*-(16-CgHeg) +200.8(8)d
(CH3)2Sct-(CeHy2) +112.5(10)h
(CH3)(H)Sc*-(2-CsH10) +164(9)!
(CH3)(H)Sct+-(n4-CgHg) +170.5(10)1
(CH3)(H)Sc+-(n8-CgHg) +169.9(10)1
H,Sc*-(n6-CsHg) +189.8(9)h

gDerived from the equation AH’fp98(XSc-Y*) = AH'f208(ScX*) + AH’f98(Y) -
D®798(XSc-Y+). The appropriate bond energy is taken from Table 2. hDerived from the
equation AH’f298(X2Sc-Y+) = AH’£298(ScXot) + AH’£298(Y) - D°298(X2Sc-Y*). The
appropriate bond energy is taken from Table 2. iDerived from the equation
AH1298((X)(Y)Sc-Z*) = AH'1208(ScX) + AH'1298(Y) + AH 1298(Z) - D*298(XSc-Y™)

- D°298((X)(Y)Sc-Z+). The appropriate bond energy is taken from Table 2.
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Table 2. Gas-Phase Bond Energies at 298 K for Chemical Species Relevant to this

Work.2
Species D*29g (kcal mol-1)
c-CeHy1-H 95.5(1)b
c-CgHo-allyl H 83(1)°
c-CgH7-allyl H 73(5)b
c-CsHo-H 94.5(1)b
HSc*+-H 59(4)4
Sc+-H 56(2)¢
CH3Sc*-CHj 60(5)d
Sc+-CH3 59(3)d
Sc*+-CsHg 50(5)¢
Sct-(16-CgHg) 60(7)f
Sc+-(n3-CgH7) 65(7)8
Sc*-(n4-CgHg) 65(7)h
Sct-(n3-CgHo) 70(7)t
Sct-(12-CgHj0) 45(5y
Sc+-CeHypy 50(5)¢
Sc+-CeH 12 50(7)k

aUncertainties are in parentheses. PReference 26. ¢Estimated assuming a resonance
stabilization energy of approximately 12 kcal mol-! for an allyl hydrogen (Reference
26). dReference 27. ©Estimated from Perry and Goddard's (Reference 10) theoretical
bond energy of 36.9 kcal mol-! for a secondary carbon bonded to Sct. We have
included a correction of approximately 15 kcal mol-!, since Perry and Goddard's
calculated Sc-CH3 bond energy is 15 kcal mol-! lower than the experimentally

determined value (Reference 27). fReference 22 and 28. See discussion in text. 8See
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Table 2. (Continued)

discussion in text. hEstimated utilizing the facts that butadiene will displace benzene
from Sc(n6-CgHg)* in the gas phase and that CID of Sc(n*-C4Hg)(n0-CsHe)* leads
predominantly to the loss of benzene (Reference 22). iReference 5b. See discussion in
text. JEstimated to be similar to the bond energy of 47 kcal mol-! for Sc-(2-butene)*.
The bond energy of Sc-(2-butene)* is calculated using values for the heats of formation

from reference 25. KEstimated utilizing reference 24 and 29. See discussion in text.
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Experimental work by Kemper et al.,29 Hill et al.30 and Armentrout and co-
workers,3! in conjunction with theoretical work by Perry et al.24 has demonstrated that
the complexation energies between transition metal cations and alkanes are significantly
larger than one might have anticipated. For example, Kemper et al. found that the
Cote(CyHg)2 molecular complex has a total binding energy of about 55 kcal mol-1.29
Cyclohexane is more polarizable than ethane, but due to its ring shape cyclohexane can
only interact through three of its hydrogen atoms, so we might expect the binding energy
of Sc* and cyclohexane to be similar to the binding energy of two ethanes to Co*. Thus
we estimate a bond energy of 50 kcal mol-! for (CH3),Sc*-CgH>.

The reaction coordinate diagram shown in Figure 3 assumes a stepwise
sequential reaction mechanism for the eventual dehydrogenation of cyclohexane to
benzene. The initial step is adduct formation with cyclohexane, leading to the o-bond
metathesis of reaction 2. The next step could then be one of two paths: dehydrogenation
of the cyclohexyl ring (reaction 3), or a second intramolecular metathesis reaction
(reaction 14). As shown in Figure 3, the dehydrogenation of the cyclohexy! ring is

CH3ScCgH11t — Sc(CeHip)* + CHy (14)
achieved by moving through an n2 m-complex (via a B-hydride transfer) with the
subsequent elimination of Hy. Since no Sc(CgHjg)* is observed, we conclude that

reaction 14 does not occur.

This mechanistic pattern continues in a stepwise sequence. After the initial o-
bond metathesis, B-hydride transfer leads to an intermediate species, which then
eliminates either Hy or methane until the final product Sc(10-CgHg)* is reached. From
Figure 3, we see that most species involved in reactions 2-6 are below or just slightly
above the energy of the reactants. However, CH3Sc(1°-CgH7)* is seen to be
energetically quite unfavorable when compared with the reactants. Thus very little
CH3(H)Sc(n%-CgHg)* (which can only be reached from CH3Sc(13-CgH7)*) will form

without any external activation, and CH3ScCgHo* will preferentially eliminate methane
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(instead of Hjp) to form ScCgHg*. Furthermore, we see that the product of reaction 6
must then arise from dehydrogenation of ScCgHg*, since almost no CH3ScCgH7* is
produced. On the other hand, if enough excitation energy is supplied through processes
such as CID, then it will be possible to form significant amounts of CH3ScCgH7*. Such

behavior was in fact observed.

Comparison of the Behavior of Cyclohexane and Cyclopentane. After the initial

metathesis reactions, an interesting difference between the reactivity of CH3ScCgHg*
and CH3ScCsH7t is observed. With CH3ScCgHg*, only subsequent dehydrogenation
leading eventually to the formation of Sc(19-CgHg)* is seen. In contrast to the reactivity
of CH3ScCgHo*, CH3ScCsH7* will undergo a second metathesis reaction with a second
cyclopentane molecule (eliminating the remaining methyl group) and subsequently
dehydrogenate to form the observed products, including Sc(n3-CsHs)t (i.e.,
scandocenium). We should note that scandocenium has been observed previously as a
product of the reaction of Sc* with cyclopentene,?2 but in our system it is generated
from a ligated Sct metal center and a saturated hydrocarbon. Apparently, the
dehydrogenation of CH3ScCgHog* is more facile than the dehydrogenation of
CH3ScCsH7+. Subsequent collisions of CH3ScCgHg* with cyclohexane may lead to
dehydrogenation rather than a second o-bond metathesis reaction.
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Abstract

Fourier transform ion cyclotron resonance mass spectrometry has been used to
examine the reactions of Sc(OCD3),* with water, ethanol and 1-propanol. o-bond
metathesis resulting in the elimination of CD3OH is the initial reaction observed, with
further solvation of the metal center and subsequent elimination of hydrogen occurring
as additional reaction channels. These processes are facile at room temperature and
involve little or no activation energy. Measured equilibrium constants for the reaction
Sc(OCD3)* + ROH = CD30ScOR* + CD30H with R = H, ethyl, and n-propyl are
0.013+0.004, 0.5%0.15 and 0.7£0.2, respectively. For the reaction ROScOCD3* + ROH
= Sc(OR)y* + CD30H with R = H and ethyl the measured equilibrium constants are
0.013£0.004 and 0.3%0.1, respectively. AS is estimated for these processes using
theoretical calculations and statistical thermodynamics, and in conjunction with the
measured equilibrium constants we have evaluated AH for these reactions and the
relative and absolute bond strengths of the Sc*-OR bonds, R = H, methyl, ethyl and n-
propyl. The relative bond strengths, D*9g(CD30Sc*-OR)-D"98(CD30Sc*-OCD3), for
R = H, methyl, ethyl and n-propyl are +11.9£0.5, 0, -0.1+0.5 and -1.4+0.5 kcal mol-1,
respectively. The absolute bond strengths for HOSc+-OCD3, CD30Sct-OCDs3,
CD30Sc*-0OCyH;5, CD30Sct-OCH,CH2CH3 and H5C20Sct-OC2H5 are 115.0£2.0,
115.0+2.0, 114.9+2.0, 113.6+2.0 and 114.7+2.0 kcal mol-1, respectively. Theoretical
calculations with an LAV3P* ECP basis set at the level of localized second-order
Mpgller-Plesset perturbation theory were performed to evaluate AS and AG for the
specific equilibria Sc(OH);* + CD30H = CD30ScOH + HyO, CD30ScOH + CD30H
= Sc(OCD3)2* + Hp0, and Sc(OCD3),* + CoHsOH = CD30ScOCyHs* + CD3OH.
The theoretically determined AG values agree reasonably well with the experimentally
determined AG values. In accordance with earlier theoretical predictions, these
metathesis reactions are consistent with an allowed four-center mechanism similar to

that of a 24 + 24 cycloaddition.
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Introduction

o-bond metathesis has been observed in a variety of transition metal systems,!-6
including scandium-containing systems.”8 A mechanism involving a four-center
transition state is generally invoked for these metathesis reactions (as shown in Scheme I

for the reaction of Sc(CD3);t+ with n-butane), in accord with the prediction of

[~ CH3CH,CH,
..... |\_—H
Sc(CDa),* + n-CyHip— b ; ; ——=CD;ScC Hg* + CD3H
Sct—
/ 4
D,C D

Four-Center Sigma Bond Metathesis

Scheme I

Steigerwald and Goddard? that certain organometallic species containing an extremely
acidic (in the Lewis sense) metal center should exhibit this kind of reactivity. These o-
bond metathesis processes have proven to be extremely useful in investigating the ligand
exchange behavior of the organometallic complexes studied. For example, Bryndza et
al.l have used equilibrium data from o-bond metathesis reactions to determine the
relative metal-ligand o bond strengths for several series of transition metal complexes in
solution.

Part of the motivation for our previous studies of the o-bond metathesis reactions
of Sc(CD3)2+ and CH3ScCH,CH3+ with small alkanes in the gas phase® was the hope
that equilibrium for reactions 1 and 2 (R = ethyl, propyl, n-butyl or isobutyl; R' = propyl,

CD3Sc*-CDj3 + R-H == CD3Sc*-R + CD3H (1)

CH3Sc*t-CH,CH3 + R'-H = CH3Sc*-R' + CH3CH3 (2)

n-butyl or isobutyl) would be observed. When CD3Sc+-R or CH3Sc*-R' was isolated, no
reactivity with methane or ethane, respectively, was observed. The chemical activation

provided by the interaction of methane and ethane with CD3Sc*-R or CH3Sc*-R',
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respectively, is apparently insufficient to overcome the intrinsic barrier to o-bond
metathesis.8 With larger hydrocarbons the reaction sequences were too complex to
facilitate observation of equilibria, and the reaction exothermicities were likely too large
to quantify the equilibria with room temperature Fourier transform ion cyclotron
resonance mass spectral measurements.

Although exchange equilibria via o-bond metathesis were not quantified with
alkyl substituents, we reasoned that it might still be possible to observe such reactivity
with other classes of ligands. In particular, work by Azzaro et al.l9 has shown that
Sc(OCH3),>* can be generated by reactions 3 and 4. One can surmise that Sc(OCH3)2t

Sct + CH30H — ScOCH3+ + H (3)
ScOCH3* + CH30H — Sc(OCH3)* + H 4
might undergo exchange reactions with other alcohols analogous to the reactions seen
between Sc(CH3),t and small alkanes. In this paper we extend our previous work with
scandium alkyl systems to scandium alkoxide systems and present evidence for the
observation of ligand exchange equilibria via o-bond metathesis between Sc(OCH3)2*
and ROH (R = H, ethyl, or n-propyl) or ROScOCH3* and ROH (R = H or ethyl). We
use the measured equilibrium constants to evaluate the relative and absolute bond
strengths of these various alkoxide ligands to Sct.
Experimental

Reactions were investigated with Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometry, of which a number of reviews are available.!! Only details
relevant to these experiments are outlined here. In the Caltech instrument, a 1-in. cubic
trapping cell is located between the poles of a Varian 15-in. electromagnet maintained at
1.0 T. Data collection is accomplished with an IonSpec Omega 386 FT-ICR data system
and associated electronics. Neutral gases are introduced into the cell by separate leak
valves, and their pressures are measured with a Schultz-Phelps ion gauge calibrated

against an MKS 390 HA-00001SPO5 capacitance manometer. The instrument at the
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University of Nice-Sophia Antipolis has the same specifications, except that data
collection is accomplished with a Bruker data system and associated electronics and
pressures are measured with a Bayard-Alpert (BA) ionization gauge (Alcatel BN 111).
The operation of the BA gauge has been described previously.l0 Uncertainties in
absolute pressures are estimated to be £20%. CD30H was obtained commercially from
Merck, Sharp and Dohme, while ethanol and 1-propanol were obtained from Aldrich.
All alcohols used were purified by freeze-pump-thaw cycling.

Sc+ ions were produced by laser ablation of a scandium metal target with a N2
laser at 337.1 nm.%10 The reactant ion Sc(OCD3),+ was generated by reaction of Sc*
with CD3OH as shown in reactions 3 and 4, and unwanted ions were ejected from the
cell using double resonance techniques!2 and/or frequency sweep excitation.13 Water,
ethanol or 1-propanol was then added along with the labeled methanol and the resulting
metathesis reactions were observed. By isolating the resultant CD30ScOR* (R = H, or
ethyl) that formed, we were also able to observe a second metathesis reaction. The
CD30H pressures used in these experiments were in the range (0.3-1.5)x10-7 Torr, while
the pressure of the additional alcohols were typically in the range (0.1-2.0)x10-7 Torr.
The H,O pressures used were in the range (1.5-2.5)x10-7 Torr. Time plots of the relative
abundance of ions versus time were recorded for all reactions. Equilibrium was deemed
to have been achieved when the relative ion abundances (with respect to each other) of

the two ions of interest ceased to vary with time. For the general process A* + B — C*

+ D the equilibrium constant is derived from equation 5, where I,, and I o are the

o U)o )

T UL)(P)
relative intensities of A* and C*+ and Pg and Pp are the partial pressures of B and D.
The reported equilibrium constants are averages of several different sets of experimental
data taken at different pressures of the neutral gases. Rate constants were calculated

from appropriate semilog plots of reactant ion abundance versus time. Errors in the rate
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constants are estimated to be £20% due to uncertainties in the determination of absolute
pressure. All experiments were performed at ambient temperature.

Results

Reaction of Sc(OCD3)+_with Water. The processes of interest to us are the
metathesis reactions 6 and 7. However, in addition to these metathesis processes, several
Sc(OCD3)t + HoO = CD30ScOH* + CD30OH 6)

CD30ScOH* + HyO = Sc(OH);* + CD30H @)

solvation processes (reactions 8-10) are also observed. Higher mass clusters were not

Sc(OCD3)* + HoO — Sc(OCD3)2(H20) (8)
Sc(OCD3);* + CD30OH — Sc(OCD3)2(CD3OH)* 9)
CD30ScOHt + CD30H — CD30ScOH(CD30H)* (10)

seen. Equilibrium was established for reactions 6 and 7. In some experiments
Sc(OCD3),* was isolated (see Figure 1a) and allowed to react with water. A typical
mass spectrum of the products is shown in Figure 1b. In Figure 2 we present a time plot
of the relative abundance of Sc(OCD3)2* and CD3OScOH* versus time. For
Sc(OCD3);+ we found that the rate constants for solvation with water and CD30H, kg
and kg, are 1.7x10-1! and 6.2x10-!! cm3s-Imolecule-!, respectively. For reaction 6 we
find that the equilibrium constant K is 0.013. With this value of K we can calculate that
the forward and reverse rate constants of reaction 6, k¢ and k.g, are 2.9x10-11 and
2.0x10-9 cm3s-Imolecule-1, respectively.

By monitoring the reaction of isolated CD30ScOH* (see Figure 3a) with water (a
typical mass spectrum of the products is shown in Figure 3b), we were able to derive
time plots of the relative abundance of CD30ScOH* and Sc(OH),* (see Figure 4). For
CD30ScOH* we find that the rate constant of metathesis with CD3OH, k.g, is 1.7x10-°
cm3s-Imolecule!, in good agreement with the value derived from the reaction of

Sc(OCD3),* with water. For reaction 7 we find that the equilibrium constant X is 0.013.
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Figure 1. Reaction of Sc(OCD3);t with a HoO/CD3OH mixture. The pressures of
CD30H and H70 were 0.41x10-7 Torr and 1.12x10-7 Torr, respectively: a) Isolation of
Sc(OCD3);* at + = 0 ms. b) Products of the reaction of Sc(OCD3),* with the

H,0/CD3;0H mixture. Spectrum was taken 700 ms after isolation of Sc(OCD3);t.
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Figure 2. Time plot of the relative abundance of Sc(OCD3),* and CD30OScOHY versus
time. During this time plot the pressures of CD3OH and H2O were 0.47x10-7 Torr and

1.43x10-7 Torr, respectively. For this specific time plot we find that K = 0.014.
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Figure 3. Reaction of CD30ScOH* with a HoO/CD30OH mixture. The pressures of
CD3OH and H,O were 0.45x10-7 Torr and 1.43x10-7 Torr, respectively: a) Isolation of
- CD30ScOH* at t = 0 ms. b) Products of the reaction of CD30ScOH* with the

H,0/CD30H mixture. Spectrum was taken 450 ms after isolation of CD30ScOH*.
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Figure 4. Time plot of the relative abundance of CD30ScOH* and Sc(OH),* versus
time. During this time plot the pressures of CD30H and HyO were 0.45x10-7 Torr and

1.43x10-7 Torr, respectively. For this specific time plot we find that K = 0.013.
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With this value of K we can calculate that the forward and reverse rate constants of
reaction 7, k7 and k.7, are 3.3x10-1! and 2.3x10-9 cm3s-Imolecule-1, respectively.
Reaction 6 reaches equilibrium quickly and the half-life to reach equilibrium is
0.22 s, while the half-life for the solvation of Sc(OCD3),+ with methanol is 8.5 s. This
suggests that the equilibrium constant derived was not affected by the solvation of
Sc(OCD3),*. For CD30ScOHT the rate constant of metathesis with CD30H, kg, is only
slightly smaller than the reverse rate constant, k.7, of reaction 7, and the half-life for
reaction 7 to reach equilibrium is 0.19 s, while the half-life for metathesis with CD30H
is 0.18 s. However, reaction 7 usually reached equilibrium while the relative intensity of
CD30ScOH* was greater than 80%. Thus, although it is possible that the observed
equilibrium constant was adversely affected by the metathesis reaction of CD30ScOH*
with CD30H, we believe that the observed equilibrium constant for reaction 7 is near its

true value.

Reaction of Sc(OCD3),+_with Ethanol. The processes of interest to us are the

metathesis reactions 11 and 12. In addition to these metathesis processes several

Sc(OCD3),* + CH3CH20H = CD30ScOCH,CH3* + CD30H (11)
CD30ScOCHCH3* + CH3CH,0H = Sc(OCH,CH3),+ + CD30OH (12)

solvation (reactions 9 and 13-18) and elimination (reactions 19-21) processes are also
Sc(OCD3),t + CH3CH0H — Sc(OCD3)y(CH3CH,0H)* (13)
Sc(OCD3);+ + CD30H + CH3CH;0H — Sc(OCD3)2(CD30H)(CH3CH,0H)* (14)
CD30ScOCH,CH3* + CD30H — CD30ScOCH,CH3(CD3OH)* (15)
CD30ScOCH,CH3t+ + CH3CH20H — CD30ScOCH,CH3(CH3CH,OH)T - (16)
Sc(OCH;CHj3);t + CD30OH — Sc(OCH,CH3)2(CD3OH)* (17)
Sc(OCH,CHj3),+ + CH3CH0H — Sc(OCH,CH3)2(CH3CH,OH)Y* (18)
Sc(OCD3),* + CH3CH20H — Sc(OCD3)2(CH3CHO)* + Ho (19)
CD30ScOCH,CH3* + CH3CH,0H — CD30ScOCH,CH3(CH3CHO)* + Hy (20)
Sc(OCHCH3),t + CH3CH20H — Sc(OCH,CH3)2(CH3CHO)* + H) (21)
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observed. We did not attempt to observe higher mass clusters. No HD loss is seen,
indicating that the elimination of hydrogen from complexed methanol does not occur.
Such clustering has been observed previously between Sc(OCH3)2* and CH3OH.10
Equilibrium was established for reactions 11 and 12. In some experiments Sc(OCD3)2*
was isolated (see Figure 5a) and allowed to react with ethanol. A typical mass spectrum
of the products is shown in Figure 5b. In Figure 6 we show a time plot of the relative
abundance of Sc(OCD3)y+ and CD30ScOCH,CH3* versus time. For Sc(OCD3)2* we
found that the rate constants of solvation with CD30H and CH3CH,OH, kg and k13, are
6.1x10-11 and 7.7x10-10 cm3s-Imolecule-!, respectively. The value of kg derived here is
in excellent agreement with the value derived when Sc(OCD3)2* is reacted with
CD3OH/water mixtures. For reaction 11 we find that the equilibrium constant K is 0.5.
With this value of K we can calculate that the forward and reverse rate constants of
reaction 11, k1 and k.; 1, are 4.6x10-10 and 9.3x10-10 cm3s-Imolecule-!, respectively.

By monitoring the reaction of the isolated CD30ScOCH,CH3* (see Figure 7a)
with ethanol (a typical mass spectrum of the products is shown in Figure 7b), we were
also able to derive time plots of the relative abundance of CD30ScOCH;CH3* and
Sc(OCH,CHj3),t (see Figure 8). For CD30ScOCH,CH3* we find that the rate constantsl
of solvation with CD30H and CH3CH,OH, k15 and kj, are 5.4x10-10 and 4.1x10-10
cm3s-!molecule-!, respectively. For CD30ScOCH,CH3* we find that the rate constant
of metathesis with CD3OH, k.11, is 7.2x10-10 cm3s-lmolecule’!, in reasonable
agreement with the value derived from the reaction of Sc(OCD3)y* with ethanol. For
reaction 12 we find that the equilibrium constant X is 0.3. With this value of K we can
calculate that the forward and reverse rate constants of reaction 12, k12 and k.12, are
2.3x10-11 and 7.5x10-10 cm3s-1molecule-1, respectively.

For reaction 11, equilibrium is usually reached while relative intensity of
Sc(OCD3)y+ is greater than 80%. Furthermore, the half-life to reach equilibrium is 0.12

s, while the half-life for the solvation of Sc(OCD3)2+ with ethanol is 0.39 s. This
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Figure 5. Reaction of Sc(OCD3)+ with a CD30H/CH3CHOH mixture. The pressures
of CD30H and CH3CH,OH were 1.16x10-7 Torr and 0.71x10-7 Torr, respectively: a)
Isolation of Sc(OCD3);* at t=0ms. b) Products of the reaction of Sc(OCD3)y* with the
CD30OH/CH3CH;OH mixture. Spectrum was taken 400 ms after isolation of
Sc(OCD3)y*. CH3CHj is abbreviated as Et in this figure. The peaks at m/z 148 and m/z
196 correspond to Sc(OCD3)2(CD30OH)* and Sc(OCD3)2(CD30OH)(CH3CH2OH)™,
respectively. We should note that CD30ScOCH,CH3(CH3CH,OH)* and
Sc(OCD3)(CH3CH,OH)*  could also be Sc(OCHCH3)2(CD3OH)*  and
CD30ScOCH,CH3(CD3OH)*, respectively. However, since the reactant ion is

Sc(OCD3)a+, it is likely that the two former structures are the dominant forms present.
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Figure 6. Time plot of the relative abundance of Sc(OCD3);+ and CD30ScOCHCH3*
versus time. CH3CHj is abbreviated as Et in this figure. During this time plot the
pressures of CD30OH and CH3CHOH were 1.16x10-7 Torr and 0.71x10-7 Torr,

respectively. For this specific time plot we find that K = 0.46.
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Figure 7. Reaction of CD30ScOCH;CH3* with a CD30H/CH3CH,OH mixture. The
pressures of CD30H and CH3CH;OH were 0.69x10-7 Torr and 0.75x10-7 Torr,
respectively. CH3CH, is abbreviated as Et in this figure: a) Isolation of
CD30ScOCH,CH3* at t = 0 ms. b) Products of the reaction of CD30ScOCH2CH3*
with the CD30OH/CH3CH,OH mixture. Spectrum was taken 540 ms after isolation of
CD30ScOCH,CH3*.  We should note that CD30ScOCH,CH3(CD3OH)* and
CD30ScOCH,CH3(CH3CH,OH)* could also be Sc(OCD3)2(CH3CH0H)T and
Sc(OCH,CH3)2(CD3OH)* , respectively. However, since the reactant ion is
CD30ScOCH,CH3t, it is likely that the two former structures are the dominant forms

present.
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Figure 8. Time plot of the relative abundance of CD30ScOCH;CH3* and
Sc(OCH,CH3)2t versus time. CH3CHj is abbreviated as Et in this figure. During this
time plot the pressures of CD30H and CH3CH,OH were 0.69x10-7 Torr and 0.75x10°7

Torr, respectively. For this specific time plot we find that K = 0.38.
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suggests that the observed equilibrium constant is not affected by the solvation of
Sc(OCD3)2*. For CD30ScOCH,CH3*, the rate constants for solvation with CD30OH
and CH3CH,0H, k15 and k¢, are comparable to the reverse rate constant of reaction 12.
However, even though the half-life to reach equilibrium is 0.31 s while the half-life for
the solvation of CD30ScOCH,CH3* with methanol is 0.58 s, equilibrium was generally
not reached until the relative intensity of CD30ScOCH,CH3* had fallen below 50%.
Thus it is possible that the observed equilibrium constant for reaction 12 was adversely
affected by the competing solvation processes.

Reaction of Sc(OCD3);t_with 1-Propanol. The main process of interest to us is

the metathesis reaction 22. Unfortunately, we were unable to reproducibly measure an
Sc(OCD3)yt + CH3(CH»)o,OH = CD30ScO(CH3),CH3* + CD30H (22)
equilibrium constant for the reaction of CD30ScO(CHz),CH3* with CH3(CH2)20H.
Again, in addition to reaction 22 several solvation (reactions 9 and 23-25) and
Sc(OCD3)yt + CH3(CH,)20H — Sc(OCD3)2(CH3(CHp),OH)* (23)
CD30ScO(CH3),CH3* + CD30H — CD30ScO(CH),CH3(CD3OH)*  (24)
CD30ScO(CH3),CH3* + CH3(CH)2,0H —
CD30ScO(CH3)>,CH3(CH3(CH2)20H)* (25)
elimination (reactions 26 and 27) processes are also observed. We did not attempt to
Sc(OCD3)y* + CH3(CH3)2,0H — Sc(OCD3)(CH3CH,CHO)* + Hp (26)
CD30ScO(CH3),CH3* + CH3(CH)20H —
CD30ScO(CH2),CH3(CH3CH2CHO)* + Hp (27)
observe higher mass clusters. Equilibrium was established for reaction 22. Sc(OCD3)2*
was isolated as shown in Figure 9a and allowed to react with 1-propanol. A typical mass
spectrum of the products is shown in Figure 9b and a time plot of the relative abundance
of Sc(OCD3),* and CD30ScO(CH),CH3* versus time is presented in Figure 10. We
found that the rate constants of solvation with CD3OH and CH3(CH>2)20H, k9 and k23,

are 6.3x10-11 and 1.3x10-9 cm3s-Imolecule-1, respectively. Again, the value of kg
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Figure 9. Reaction of Sc(OCD3)s* with a CD3OH/CH3(CH2);OH mixture. The
pressures of CD30OH and CH3(CH2),OH were 0.58x10-7 Torr and 0.14x10-7 Torr,
respectively: a) Isolation of Sc(OCD3),* at t = 0 ms. b) Products of the reaction of
Sc(OCD3),+ with CH3(CHjp),OH. Spectrum was taken 1200 ms after isolation of
Sc(OCD3),+. CH3(CHp), is abbreviated as Pr in this figure. We should note that
Sc(OCD3)(CH3(CH2)20H)+ and CD30ScO(CH3),CH3(CH3(CH2)2,OH)* could also be
CD30ScO(CH3),CH3(CD30H)t and Sc(O(CHj),CH3)2(CD3OH)*, respectively.
However, since the reactant ion is Sc(OCD3)2™, it is likely that the two former structures

are the dominant forms present.



Relative Intensity

Relative Intensity

150

100 +
SC(OCD3)2
50+
O__ _.|| ul - AN A ISP g P
| L3S SLALELELAN AU L SLLELEL SN SLELILELE B I'"'I""l""l“"l""l""I""l""l"“[
40 80 120 160 200
m/z
100~ Sc(OCD3),(CH,CH,CHO)* | Sc(OCD3),(PrOH)*
] Sc(0CDy),"
1 c(0CDy), \ CD30ScOPr(CH;CH,CHO)*
1 Sc(0OCD,;),(CD;0H)*
50—
| CD,0ScOPr*
1 \‘ CD;0ScOPr(PrOH)*
J L'L
S i m—— el e el ek iom il
40 ' 80 ' 120 160 200



151

Figure 10. Time plot of the relative abundance of Sc(OCD3)2* and
CD30ScO(CH3)>CH3* versus time. CH3(CHpy) is abbreviated as Pr in this figure.
During this time plot the pressures of CD30H and CH3(CH7)OH were 0.58x10-7 Torr

and 0.23x10-7 Torr, respectively. For this specific time plot we find that K = 0.75.
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derived here is in excellent agreement with the value derived when Sc(OCD3)2* is
reacted with CD3OH/water mixtures. For reaction 22 we find that the equilibrium
constant K is 0.7. With this value of K we can calculate that the forward and reverse rate
constants of reaction 22, kp7 and k.2, are 8.2x10-10 and 1.2x10-% cm3s-Imolecule!,
respectively. For reaction 22 the half-life to reach equilibrium is 0.27 s, while the half-
life for the solvation of Sc(OCD3),* with 1-propanol is 1.2 s. Furthermore, the relative
intensity of Sc(OCD3),™ is usually greater than 90% when equilibrium is reached. This
suggests that the equilibrium constant derived was not affected by the solvation of
Sc(OCD3)y+. Table 1 presents a summary of the metathesis equilibria we observed.

Ab Initio Calculations

Equilibrium measurements will provide us with AG for a reaction, but we cannot
calculate AH without knowing AS. In order to estimate AS for these reactions and
compare the theoretical values of AG to our experimental measurements, we performed
ab initio calculations to theoretically evaluate AS and AH for the metathesis reactions

shown in reactions 28-30 (identical to the reverse of reaction 7, the reverse of reaction 6,

Sc(OH);* + CH30H = CH30ScOH* + H0 (28)
CH30ScOH* + CH30H = Sc(OCH3)2+ + H20 (29)
Sc(OCH3)y* + CH3CH20H = CH30ScOCH;CH3* + CH3OH (30)

and reaction 11, respectively, except that the methoxide iigands contain H instead of D).
The PS-GVB system of programs!4 was used for all the calculations performed.
A 6-31G* basis set was used for C, H and O, while for Sct we used an effective core
potential (ECP) to replace all but the valence and outer core 3s/3p electrons.!5 Initial
geometry optimizations were performed at the Hartree-Fock (HF) level for Sc(OH)2¥,
CH30ScOH*, Sc(OCHj3),+, CH30ScOCH,CH3+, H,O, CH30H and CH3CH0H.
These structures were then further optimized at the localized second-order Mgpller-

Plesset (LMP2) perturbation level of theory. Harmonic vibrational frequencies were also
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Table 1. Summary of Observed Ligand Exchange Equilibria Established Via o-Bond

Metathesis.2

Process K  AG (kcal mol-l)  AH (kcal mol-1)b
Sc(OH);* + CD3OH =
CD30ScOH* + Hy0 7727 -2.6(0.2) -2.9(0.6)¢
CD30ScOH* + CD3OH =
Sc(OCD3)t + HpO 77027 -2.6(0.2) -2.9(0.6)¢
Sc(OCD3)y*t + CH3CH,OH =
CD30ScOCH,CH3t + CD3OH  0.5(0.15)  +0.4(0.1) +0.1(0.6)¢
CD30ScOCH,CH3* + CH3CHOH =
Sc(OCH,CH3z)2t + CD30OH 0.3(0.1) +0.7(0.2) +0.3(0.6)d
Sc(OCD3);t + CH3(CH)20OH =
CD30ScO(CH;,),CH3* + CD30OH 0.7(0.2)  +0.2(0.1) +0.6(0.6)¢

aUncertainties are in parentheses. PAll values calculated assuming ambient T = 298 K.

cCalculated using theoretical LMP2 value of AS (see Table 3). dCalculated assuming AS

= -RIn2 = -1.38 cal mol-1K-1 (AS estimated with equation 33). €Calculated assuming AS

= RIn2 = 1.38 cal mol-1K-! (AS estimated with equation 33).
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calculated for each of these species at the LMP2 level to obtain zero-point energies and
absolute entropies at 298 K.

Several different conformations were calculated for Sc(OH),*, CH30ScOHt,
Sc(OCH3),* and CH30ScOCHCH3*. Figure 11 shows the LMP2-optimized lowest
energy geometry for these species.!0 Table 2 presents the total energy, zero-point
energy and absolute entropy calculated for Sc(OH),*, CH30ScOH*, Sc(OCH3),™,
CH30ScOCH,CH3+, HyO, CH30H and CH3CH,OH at the LMP2 level of theory.
Since the LMP2 level of theory is size-consistent, AH can be calculated as the difference
of the electronic energies of the products and electronic energies of the reactants (with
zero-point energies taken into account). The calculated AH»98, AS298 and AG2gg for
reactions 28-30 are given in Table 3.

In order to estimate the accuracy of these calculations, we have compared, where
possible, the calculated values of Hpgg - Hp and S, With the experimentally known
values (see Table 2). For HpO, CH30H and CH3CH,OH the calculated values of H29g -
Hy agree very well with the experimental values, although the agreement worsens for the
larger species. The calculated values of S, for HoO, CH30H and CH3CH,OH are also
in good agreement with the experimental values, though again the agreement worsens as

the size of the species increases. It appears that the LMP2 level of theory systematically

underestimates the values of both Hpgg - Ho and Sy, with the error increasing as the
size of the species increases. For ethanol the calculated S is in error by about 3 cal
mol-1K-1, so we estimate that our calculated S, values could be low by as much as 5-7
cal mol-1K-1! for CH30ScOCH,CH3*, the largest species for which we performed
calculations. The error in our calculated AS,9g values for reactions 28-30 should be less
than this, but because the systematic error increases with size, we estimate that
uncertainty in our calculated AS»gg values could be as large as +2 cal mol-1K-1. We also
compared our calculated values of AGygg for reactions 28-30 with the experimental

values derived for reactions 6, 7 and 11 (see Table 3). In each case the calculated value
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Figure 11. LMP2-optimized lowest energy geometry for (a) Sc(OH)2*, (b)
CH30ScOH™, (c) Sc(OCH3)2+ and (d) CH30ScOCHCH3*. All were calculated using
the LAV3P* ECP basis set with no symmetry constraints. The optimized CH30ScOH*
and Sc(OCH3),* geometries deviated slightly from Cy and C», symmetry, respectively.
Structural parameters for each of these species are shown in Tables 4A-7A in the

appendix to this chapter.
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Table 2. Calculated Total Energies, Zero-Point Energies (ZPE), 0 K to 298 K Enthalpy

Corrections (Ha9g - Hp) and Absolute Entropies.

Species Total Energy ZPE Hyog - Hy Syos
(Hartree) (kcal mol-'!)  (kcal mol-!)  (cal mol-1K-1)

H,0 -76.19902 13.45 2.372 45.14b

CH30H -115.35021 33.00 2.65¢ 56.71d

CH3CH,0H -154.52122 51.51 3.23¢ 64.10f
Sc(OH),t+ -152.77798 15.55 3.55 67.18
CH30ScOH* -191.9389%4 34.53 4.65 77.68
Sc(OCH3)* -231.09899 52.98 5.92 88.11
CH30ScOCH,CH3*  -270.26630 - 71.24 6.29 94.60

aExperimental value is 2.37 kcal mol-! (reference 17). bExperimental value is 45.10 cal
mol-1K-! (reference 17). CExperimental value is 2.73 kcal mol-! (reference 17).
dExperimental value is 57.29 cal mol-1K-1 (reference 17). €Experimental value is 3.39

kecal mol-! (reference 17). fExperimental value is 67.54 cal mol-1K-! (reference 17).



159

Table 3. Calculated AH293, AS298 and AG9g for Reactions 28-30.

Reaction AH»>9g AGoog ASy98
(kcal mol-1)  (kcal mol-l) (cal mol-1K-1)

Sc(OH)z* + CH30H =

CH30ScOH* + HyO -5.89 -5.572 -1.07b
CH30ScOH* + CH30H =

Sc(OCH3),* + H2O -5.66 -5.32¢ -1.14d

Sc(OCHj3)y* + CH3CHOH =

CH30ScOCH,CH3* + CH30H +3.26 +3.53¢ -0.90f
aExperimental value is -2.6 kcal mol-!. bEquation 33 predicts that ASgg = Rlnl = 0 cal
mol-1K-1. Experimental value is -2.6 kcal mol-!. dEquation 33 predicts that ASygg =

-Rln4 = -2.75 cal mol'IK-1. ¢Experimental value is +0.4 kcal mol-!1. fEquation 33

predicts that AS9g = RIn2 = 1.38 cal mol-1K-1,



160

differs from the experimental value by about 3 kcal mol-1. The errors do not appear to
be systematic, so the uncertainty in our calculated AG,9g values are estimated to be at
least +3 kcal mol-1.

Discussion

Overview. In this study we were able to observe o-bond metathesis reactions of
Sc(OCD3),* with water, ethanol and 1-propanol. This reactivity is analogous to the
reactions of Sc(CD3)*t and CH3ScCHCH3* with small alkanes.8 However, with
Sc(OCD3),* and water, ethanol or 1-propanol, we succeeded in establishing ligand
exchange equilibria via o-bond metathesis (reactions 6, 7, 11, 12 and 22) and measured
the equilibrium constants (see Table 1) for these processes. These metathesis reactions
could proceed via an oxidative addition/reductive elimination pathway or via a four-
center intermediate. Since Sct has only two valence electrons with which to form strong
o bonds, 18,19 we favor a four-center mechanism for these metathesis reactions? (as
shown in Scheme I for the reaction of Sc(CD3);t with n-butane).

All the alcohols used in these experiments were unlabeled except for methanol,
which was deuterated at the methyl positions (CD30H). CD30H was used to allow us
to distinguish between Sc(OCHj3),+ and HOScOCH,CH3*, which would otherwise have
identical masses. Since the observed o-bond metathesis reactions occur at the oxygen
atom in alcohols, the labeling in CD3OH should not give rise to kinetic isotope effects.
The labeling has a small secondary isotope effect on the O-H bond strength in CD30H
(see Table 4), and we presume that the secondary isotope effect on the Sct-OCD3 bond
strength in CD30OScOR* would be similar.

Calculation of Bond Energies. As Bryndza et al.! have shown, equilibrium data
from o-bond metathesis reactions can be used to determine the relative metal-ligand
bond strengths for a series of complexes. To illustrate, consider the general o-bond

metathesis process shown in reaction 31, where R = H or alkyl. Equation 32 relates X to

Sc(OCD3),* + ROH = CD30ScOR* + CD3OH (31)



Table 4. Gas-Phase Bond Energies at 298 K for Chemical Species Relevant to this

Work.
Species D98 (kcal mol-1)a.b
HO-H 119(1)
CH30-H 104.4(1)
CD30-H 104.2(1)¢
CH;CH,0-H 104.2(1)
CH3;CH,CH,0O-H 103.4(1)

Sct-OH 120.4(2.1)4, 118.8¢
HOSc*-OH 126.92.1)f
HSc+-H 59(4)8
HSc*-D 60(4)h

Sc*-0=CD, 39(5)i
Sct-O=CHCHj3 43(5)!
Sct-(CD30H) 30(5)!
Sct-(CH3CH,0H) 35(5)1

aUncertainties are in parentheses. PUnless otherwise noted, all values come from
reference 20. dCalculated from values in reference 21. 9Reference 22. The value here
has been corrected by 1.2 kcal mol-! to convert it from D’ to D°99g. €Theoretical value,
reference 23. The value here has been corrected by 1.2 kcal mol-! to convert it from D°g
to D°9g. fTheoretical value (corrected by 1.2 kcal mol-! to convert it from D°g to D"9g)
is 125.3 kcal mol-! (reference 23). Since theoretical value for Sc*-OH bond energy was
underestimated by 1.6 kcal mol-1, we have adjusted the theoretical bond energy for
HOSc+-OH upward by the same amount. &Reference 24. hThis value has been
corrected by 1 kecal mol-1 to account for the change in D398 upon substituting D for H.

iSee discussion in text.



162

AH = -RTInK + TAS (32)
AH. Since our study was conducted at a single temperature, we are unable to
experimentally measure AS. Theoretical calculations were used to estimate ASy9g for
reactions 28-30 (see Table 3), but the large size of Sc(OCH,CHj3);* and
CD30ScOCH,CH,CH3* made it impractical to perform ab initio calculations on them.
However, vibrational contributions to AS are likely to be small for the metathesis
reaction 31, and the main rotational contribution to AS will arise from symmetry

numbers. Therefore, we can estimate AS for reactions 12 and 22 using equation 33. The

I I O.i,reacmms

AS=RIn| ¢ (33)
H O-i,products

values of AS9g for reactions 28-30 predicted using equation 33 are also given in Table
3. Comparison with the LMP2 values of ASy9g indicate that for metathesis processes
such as reaction 31 the entropies calculated from equation 33 are accurate to within £2.5
cal mol-1K-1. Since the error in our LMP2 values for AS)9g are estimated to be 2 cal
mol-1K-1, our estimates of AS for reactions 12 and 22 calculated from equation 33
appear to be reasonably accurate.23
Once AH for reaction 31 is known, we can then calculate the relative bond
strength between CD30Sc*-OCD3 and CD30Sc+-OR with equation 34. If one
D*(CD30Sc*+-0OR) - D°(CD30Sc*-0OCD3) = D°(RO-H) - D°(CD30-H) - AH  (34)
R’OSc*-OR bond strength is known from other experimental methods, then we can use
appropriate equilibrium measurements to determine the absolute bond strengths of other
Sct-alkoxide bonds. In fact, values for the Sct-OH and HOSc*-OH bond energies are
known (see Table 4). Therefore, using the method just outlined, we have determined the
bond strengths for Sc*-OR bonds where R = methyl, ethyl and n-propyl. Bond strengths
relevant to this work are given in Table 4, and the derived relative and absolute Sct-OR

bond strengths are presented in Tables 5 and 6, respectively.
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Table 5. Gas-Phase Bond Energies of Sct-Alkoxide Bonds Relative to Sc*-OCD3.2

Species (CD30Sc*-OR) D595(CD30Sc*-OR) - D*95(CD30Sc+-0CD3)b
(kcal mol-1)

CD30Sc*-OH +11.9¢
CD30Sc+-0CD3 0.0
CD30Sc+-OCH,CH3 0.1
CD30Sc*-OCH,CH,CH3 14

aThe uncertainty in these values is estimated to be +0.5 kcal mol-1. bCalculated from

equation 34, cCalculated assuming D*293(CD30Sc*-OH) = D°9g8(HOSc*-OH).

Table 6. Gas-Phase Sct-Oxygen Bond Energies at 298 K.2

Species D93 (kcal mol-1)
HOSct-OH 126.9(2.1)b
HOSc*-0OCD3 115.0
CD30Sct-0CD3 115.0
CD30Sc+-OCH,CH3 114.9
CD30Sc+-OCH»CH>CH3 113.6
CH3CH,0Sc*-OCH,CH3 114.7

aUnless otherwise noted, the uncertainty in these values is estimated to be +2 kcal mol-1.

bSee Table 4. The uncertainty in this number is given in parentheses.
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We should note that our experimental results are consistent with recent
calculations by Bauschlicher and Partridge.23 They find that the HOSc*-OH bond is
8.820.5 kcal mol-! stronger than the HOSct-OCH3 bond. They also note that the
difference is likely underestimated by 1-2 kcal mol-!, which implies that the HOSc+-OH
bond is actually about 10.5 kcal mol-! stronger than the HOSc+-OCH3 bond. In
conjunction with their calculated bond strength for HOSc*-OH of 126.9 kcal mol-1, they
calculate the HOSc+-OCH3 bond strength to be 116.410.5 kcal mol-l. This value is in
good agreement with our experimental value of 115.0+2.0 kcal mol-! for the HOSc*-
OCD3 bond strength, and provides additional evidence that subsequent solvation and
elimination processes did not have a large effect on the measured equilibrium constants.

Examination of the bond energies in Tables 4 and 6 show that the trends in the
Sc*t-OR and H-OR bond energies for R = H, methyl, ethyl and n-propyl mirror each
other closely. Similar behavior is seen when comparing Sc*-R and H-R (R = alkyl)
bond strengths.26 Furthermore, since the trends in the Sc*-OR and H-OR bond strengths
correlate closely, we should be able use H-OR (R = alkyl group larger than n-propyl)
bond strengths to predict the corresponding Sc*-OR bond strengths. Although the
predictive value of such an approach has been previously demonstrated for liquid-phase
ruthenium and platinum systems,!+27 this work provides additional evidence that this
kind of correlation is generally valid with a wide range of organometallic compounds.

Elimination Processes and Reaction Energetics. Although the main focus of this
paper is not concerned with the elimination of Hp from solvated Sc*-alkoxide species
(reactions 19-21, 26 and 27), we will make a few comments about these observed
processes here. First, we note that in all these reactions no HD loss is observed. This
indicates that the methoxide ligand does not participate in reactions 19 and 20.
However, solvated Sc*-alkoxide species containing either ethanol or the ethoxide ligand
appear to readily dehydrogenate. Thus it could be imagined that CD30ScOCH,CH3*
might isomerize to CD30ScH(O=CHCH3)*.
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To examine these points further, we have estimated the enthalpy of reactions 35
and 36. Relevant thermochemical values are shown in Tables 4, 6 and 7. Most of the
CD30ScOCD3* — CD30ScD(0=CD3)* (35)
CD30ScOCH,CH3*+ — CD30ScH(O=CHCH3)* (36)
necessary values were obtained from the literature. However, we used the values from
this work for the Sct-OCDj3 and Sct-OCH,CH3 bond energies, and since the Sc*-
O=CD; and Sc*-O=CHCH3 bond energies are not known, we estimated them as follows.
Magnera et al. found the Sc+-OH, bond strength to be 31.4 kcal mol-1,30 while
Bauschlicher and Langhoff calculate a value of 34.5 kcal mol-1.31 This suggests that
adducts between Sc* and oxygen-containing species have comparatively low bond
energies. Further, in previous work by Halle et al.,32 the Co*-O=CH> and Co*-
O=CHCH3 bond energies were estimated to be 43 kcal mol-! and 47 kcal mol-1,
respectively. Since Bauschlicher and Langhoff calculated that the Co*-OH2 bond
strength is about 4 kcal mol-! higher than the Sc+-OHj bond strength,3! we estimate the
Sc+-0=CD; and Sc*-O=CHCH3 bond energies to be 39 kcal mol-! and 43 kcal mol-1,
respectively. With these thermochemical values, we can calculate that for reaction 35
AH = +40.5 kcal mol-1, while for reaction 36 AH = +28.6 kcal mol-l. Thus it appears
quite unlikely that any CD30ScD(0O=CD3)* or CD30ScH(O=CHCH3)* is being
generated in our experiments. However, our data clearly show that once Sc(OCD3)at is
solvated with ethanol or CD30ScOCH,;CH3* is solvated with either methanol or
ethanol, elimination of Hy does occur. How is this appérently unfavorable elimination
facilitated?

Apparently the presence of solvating alcohols makes the subsequent elimination
of Hy possible. To illustrate this conclusion, we have constructed the reaction
coordinate diagram in Figure 12. We used the thermochemical values from Tables 4, 6
and 7 to evaluate the enthalpy changes of the various steps in this diagram. We were

unable to locate bond energies for Sc+-(CD30H) or Sct-(CH3CH20H), but we estimate
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Table 7. Gas-Phase Heats of Formation at 298 K for Chemical Species Relevant to this

Work.
Species AH’t 298 (kcal mol-1ya.b
H 52.1(0.1)
D 53.0(0.1)
OCD3 1.0(1)¢
OCH,CH3 -4.1(0.1)d
0=CDj -27.5(1)¢
O=CHCHj; -39.6(0.1)

aUncertainties are in parentheses. PUnless otherwise noted, all values come from

reference 28. <Calculated from values in reference 21. dReference 20. €Reference 29.
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Figure 12. Illustration of reaction energetics for processes resulting from the interaction
of CH3CH;0H with Sc(OCD3),+. The relative energies are derived from the
thermochemistry given in Tables 4, 6 and 7. Some of the values have significant

uncertainties (see text for discussion). Note the lack of a barrier to H elimination.
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that their bond energies will be similar to the Sc*-OH; bond energy, with the Sc*-
(CH3CH,OH) bond energy being slightly larger due to the higher polarizability of
ethanol.

The initial step in the elimination of Hy from Sc(OCD3)2(CH3CHOH)* is
solvation, which has an associated enthalpy change of -35 kcal mol-!. The next two
steps (metathesis and a S-hydride transfer) only require 28.6 kcal mol-! (the same as the
enthalpy change for reaction 36), so there is no overall barrier to the loss of Hp. The
initial solvation provides the chemical activation needed to overcome the intrinsic barrier
to B-hydride transfer. On the other hand, HD elimination from Sc(OCD3)2(CD3OH)* is
not seen because the intrinsic barrier to fS-hydride transfer is much larger (40.5 kcal
mol-!, the enthalpy change for reaction 35). Apparently the initial solvation with
CD30H cannot provide the chemical activation necessary to overcome the larger barrier.

Comparison of Theoretical Results with Experimental Observations. One

interesting feature in our theoretically determined lowest energy geometries for
Sc(OH),*, CD30ScOH*, Sc(OCD3)y* and CD30ScOCH,CH3* is the large Sc+-O-C
bond angles (= 165°, see Figure 6) that are found. Bauschlicher and Partridge obtained
similar results from their optimization of the Sc(OH),* geometry.24 These large
Sct-O-C bond angles suggest that strong dative interactions between Sc* and each
oxygen atom are occurring in all these ions. The calculated O-Sc*-O bond angles of
116°-122° in these ions (see Figure 6) are also indicative of significant dative
interactions. We should note that such dative bonding has been observed previously
with Sct-OH. Tilson and Harrison found that in the ground state Sc*-OH has a linear
geometry and a triple bond between Sct and OH.33 Also, previous work by Clemmer et
al.22 determined that D°g(Sc*-OH) = 119 kcal mol-!, which is much greater than the
Sc*+-CHj3 bond energy of 59 kcal mol-1.24 This enhanced bond strength for Sc*-OH was
attributed to the ability of the OH group to donate its two lone pairs of electrons to Sc*

in a dative interaction.
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However, atomic charges calculated from Mulliken populations indicate that Sc
carries a net charge of about +1.8 in Sc(OH),*, CD30ScOH*, Sc(OCD3)2* and
CD30ScOCH,CH3+ (varying from 1.84 in Sc(OH),* to 1.76 in CD30ScOCH,CH3*,
with the net charge decreasing as larger alkoxide groups are added). This indicates a
significant electrostatic contribution to the bonding. Thus our present results indicate
that both ionic and dative interactions contribute significantly to the bonding between
Sct and each oxygen atom in diligated species. It also appears that both ligands can
participate equally in dative interactions.

Acknowledgments

This work was supported by the National Science Foundation under Grant CHE-
9108318, by a grant from AMOCO, and by the Office of Naval Research. We also wish
to thank the Beckman Foundation and Institute for continuing support of the FT-ICR
research facility and the Beckman Institute Materials and Process Simulations Center
(supported by DOE-BCTR and the National Science Foundation under Grant CHE-
9522179) for supporting our theoretical calculations. Francesco Faglioni and Jason K.

Perry gave especially helpful advice concerning the theoretical calculations in this work.



171

References

1Bryndza, H. E.; Fong. L. K; Paciello, R. A.; Tam W.; Bercaw, J. E. J. Am.
Chem. Soc. 1987, 109, 1444.

2Uppal, J. S.; Douglas, D. E.; Staley, R. H. J. Am. Chem. Soc. 1981, 103, 508.

3Christ, C. S.; Eyler, J. R.; Richardson, D. E. J. Am. Chem. Soc. 1988, 110,
4038.

4(a) Wax, M. J; Stryker, J. M.; Buchanan, J. M.; Kovac, C. A.; Bergman, R. G.
J. Am. Chem. Soc. 1984, 106, 1121. (b) Buchanan, J. M.; Stryker, J. M.; Bergman, R. G.
J. Am. Chem. Soc. 1986, 108, 1537.

5Jeske, G.; Lauke, H.; Mauermann, H.; Schumann, H.; Marks, T. . J. Am. Chem.
Soc. 1985, 107, 8111.

6Watson, P. L. J. Am. Chem. Soc. 1983, 105, 6491.

7(a) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan, M. C.;
Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J. Am. Chem. Soc. 1987, 109, 203. (b)
Huang, Y.; Hill, Y. D.; Sodupe, M.; Bauschlicher, C. W., Jr.; Freiser, B. S. J. Am. Chem.
Soc. 1992, 114, 9106.

8(a) Crellin, K. C; Beauchamp, J. L.; Geribaldi, S.; Decouzon, M.
Organometallics 1996, 15, 5368. (b) Crellin, K. C.; Geribaldi, S.; Widmer, M.;
Beauchamp, J. L. Organometallics 1995, 14, 4366. (c) Crellin, K. C.; Geribaldi, S.;
Beauchamp, J. L. Organometallics 1994, 13, 3733.

9Steigerwald, M. L.; Goddard, W. A. III J. Am. Chem. Soc. 1984, 106, 308.

10Azzaro, M.; Breton, S.; Decouzon, M.; Geribaldi, S. Int. J. Mass Spectrom. lon
Proc. 1993, 128, 1.

11(a) Marshall, A. G. Acc. Chem. Res. 1985, 18, 316. (b) Comisarow, M. B.
Anal. Chim. Acta 1985, 178, 1.

12Anders, L. R.; Beauchamp, J. L.; Dunbar, R. C.; Baldeschwieler, J. D. J. Chem.
Phys. 1966, 45, 1062.

13Comisarow, M. B.; Marshall, A. G. Chem. Phys. Lert. 1974, 26, 489.

14Ringnalda, M. N.; Langlois, J.-M.; Greeley, B. H.; Murphy, R. B.; Russo, T.
V.; Cortis, C.; Muller, R. P.; Marten, B.; Donnelly, R. B., Jr.; Mainz, D. T.; Wright, J.
R.; Pollard, W. T.; Cao, Y.; Won, Y.; Miller, G. H.; Goddard, W. A. III, Friesner, R. A.
PS-GVB, v.2.2, Schrédinger, Inc., 1995.

15Specifically, we used the LAV3P* ECP basis set: (a) Hay, P. J.; Wadt, W. R.
J. Chem. Phys. 1985, 82, 270. (b) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 284.



172

16The structural parameters for these species are presented in the appendix at the
end of this chapter.

17Wagman, D. D.; Evans, W. H.; Parker, V. B.; Halow, L; Baily, S. M.,
Schumm, R. H. Selected Values of Chemical Thermodynamic Properties, National
Bureau of Standards Technical Note 270-3, 1968, United States Government Printing
Office, Washington, D.C.

18Tolbert, M. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1984, 106, 8117.

19Beauchamp, J. L.; van Koppen, P. A. M. Energetics of Organometallic
Species, J. A. M. Simoes, Ed., 1992, Kluwer Academic Publishers, The Netherlands.

20McMillen, D. F.; Golden, D. M. Ann. Rev. Phys. Chem. 1982, 33, 493.

21Barlow, S. E.; Dang, T. T; Bierbaum, V. M. J. Am. Chem. Soc. 1990, 112,
6832.

22Clemmer, D. E.; Aristov, N.; Armentrout, P. B. J. Phys. Chem. 1993, 97, 544.
23Bauschlicher, C. W., Jr.; Partridge, H., personal communication.
24 Armentrout, P. B.; Georgiadis, R. Polyhedron, 1988, 7, 1573.

25The quality of our calculations can also be gauged by comparing the
theoretically calculated values of AGygg with our experimental values. For reactions 28-
30, the calculated value of AGogg for each reaction was within 3.1 kcal mol-! of the

experimental value. Furthermore, the calculated values of AGygg for reactions 28 and 29

were within 0.3 kcal mol-! of each other, in excellent agreement with our experimental
results. Thus the LMP2 level of theory appears to perform reasonably well at calculating
the thermodynamic values associated with these metathesis reactions.

26Perry, J. K.; Goddard, W. A., IIL J. Am. Chem. Soc. 1994, 116, 5013.
27Bryndza, H. E.; Tam, W. Chem. Rev. 1988, 88, 1163.

28Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. D
Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1.

29Frenkel, M.; Marsh, K. N.; Wilhoit, R. C.; Kabo, G. J.; Roganov, G. N.
Thermodynamics of Organic Compounds in the Gas Phase, Vol. 1, 1994,
Thermodynamics Research Center, College Station, Texas.

30Magnera, T. F.; David, D. E.; Michl, J. J. Am. Chem. Soc. 1989, 111, 4100.

31Bauschlicher, C. W., Jr.; Langhoff, S. R. Int. Rev. Phys. Chem. 1990, 9, 149.

32Halle, L. F.; Crowe, W. E.; Armentrout, P. B.; Beauchamp, J. L.
Organometallics 1984, 3, 1694.



173

33Tilson, J. L.; Harrison, J. F. J. Chem. Phys. 1985, 83, 166.



174

Appendix

The structural parameters obtained from the geometry optimizations of the
lowest energy conformations of HO, CH30H, CH3CH20H, Sc(OH)z*, CH30ScOH*,
Sc(OCH3);* and CH30ScOCHCH3* are given in the following Tables 1A-7A,

respectively.
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Table 1A. LMP2-Optimized Bond Distances (A) and Angles (deg) for the Lowest

Energy Conformation of HO.

Bond Length
O1-H2 0.9690
O1-H3 0.9690
Bond Angle

H2-O1-H3 103.91
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Table 2A. LMP2-Optimized Bond Distances (A) and Angles (deg) for the Lowest

Energy Conformation of CH30H.

Bond Length
C1-02 1.4285
C1-H3 1.0897
C1-H4 1.0967
CI1-H5 1.0967
02-H6 0.9704
Bond Angle
C1-02-H6 107.10
02-C1-H3 106.32
02-C1-H4 112.24
02-C1-H5 112.24
H3-C1-H5 108.55
H4-C1-H5 108.80

Torsional Angle

H3-C1-O2-H6 180.00
H4-C1-O2-H6 61.45
H5-C1-O2-H6 -61.46
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Table 3A. LMP2-Optimized Bond Distances (A) and Angles (deg) for the Lowest
Energy Conformation of CH3CH,OH.

Bond Length
Cl-C2 1.5167
Cl1-03 1.4344
Cl1-H4 1.0989
CI-H5 1.0989
C2-H6 1.0936
C2-H7 1.0921
C2-H8 1.0921
0O3-H9 0.9716
Bond Angle
CI1-C2-H6 110.55
C1-C2-H7 110.13
C1-C2-H8 110.13
C1-O3-H9 107.38
C2-C1-03 107.38
C2-C1-H4 110.11
C2-C1-H5 110.12
03-C1-H4 110.81
03-C1-H5 110.81
H4-C1-HS 107.64
H6-C2-H7 108.75
H6-C2-HS8 108.75

H7-C2-HS8 108.49



Table 3A. (Continued)

Torsional Angle
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C2-C1-03-H9
03-C1-C2-H6
03-C1-C2-H7
03-C1-C2-H8
H4-C1-C2-H6
H4-C1-C2-H7
H4-C1-C2-H8
H4-C1-C2-H9
H5-C1-C2-H6
H5-C1-C2-H7
H5-C1-C2-H8
H5-C1-C2-H9

180.00
180.00
-59.81
59.79
-59.28
60.92
-179.48
59.71
59.26
179.46
-60.93
-59.71
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Table 4A. LMP2-Optimized Bond Distances (A) and Angles (deg) for the Lowest

Energy Conformation of Sc(OH)2*.

Bond Length
Sc1-02 1.7376
Scl1-03 1.7376
0O2-H4 0.9735
03-C5 0.9735
Bond Angle
Sc1-02-H4 164.26
Sc1-03-H5 164.26
02-Sc1-03 122.78

Torsional Angle

02-Sc1-03-H5 0.00
03-Sc1-02-H4 0.00
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Table 5SA. LMP2-Optimized Bond Distances (A) and Angles (deg) for the Lowest

Energy Conformation of CH30ScOH*.

Bond Length
Sc1-02 1.7640
Sc1-03 1.7000
0O2-H5 0.9716
03-C4 1.4492
C4-H6 1.0894
C4-H7 1.0889
C4-H8 1.0895
Bond Angle
Sc1-02-H5 169.28
Sc1-03-C4 167.98
02-Sc1-03 121.12
02-C4-H6 109.09
03-C4-H7 108.62
03-C4-H8 108.62
H6-C4-H7 106.77
H6-C4-H8 106.77
H7-C4-H8 109.39

Torsional Angle

Sc1-03-C4-H6 -3.95
Sc1-03-C4-H7 116.25
Sc1-03-C4-H8 -124.08
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Table 5A. (Continued)

Torsional Angle

02-Sc1-03-C4 0.82
03-Sc1-02-H5 0.76
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Table 6A. LMP2-Optimized Bond Distances (A) and Angles (deg) for the Lowest

Energy Conformation of Sc(OCH3)t.

Bond Length
Sc1-02 1.7296
Sc1-03 1.7284
02-C4 1.4436
03-C5 1.4432
C4-H6 1.0903
C4-H7 1.0900
C4-H§ 1.0898
C5-H9 1.0903
C5-H10 1.0899
C5-H11 1.0899
Bond Angle
Sc1-02-C4 164.36
Sc1-03-C5 165.70
02-Sc1-03 116.30
02-C4-H6 109.01
02-C4-H7 108.44
02-C4-H8 108.41
03-C5-H9 108.99
03-C5-H10 108.56
03-C5-H11 108.42
H6-C4-H7 110.34

H6-C4-HS 110.38
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Table 6A. (Continued)

Bond Angle
H7-C4-H8 110.20
H9-C5-H10 110.36
H9-C5-H11 110.38
H10-C5-H11 110.19
Torsional Angle
Sc1-02-C4-H6 -9.10
Sc1-02-C4-H7 111.06
Sc1-02-C4-H8 -129.30
Sc1-03-C5-H9 3.75
Sc1-03-C5-H10 -116.42
Sc1-03-C5-H11 123.93
02-Sc1-03-C5 -0.63
03-Sc1-02-C4 1.33
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Table 7A. LMP2-Optimized Bond Distances (A) and Angles (deg) for the Lowest
Energy Conformation of CH30ScOCH,CH3*.

Bond Length
Sc1-02 1.7367
Sc1-03 1.7210
02-C4 1.4423
03-C5 1.4555
C4-H7 1.0905
C4-H8 1.0901
C4-H9 1.0901
C5-C6 1.5169
C5-H10 1.0921
C5-H11 1.0921
C6-H12 1.0935
C6-H13 1.0928
C6-H14 1.0928
Bond Angle
Sc1-02-C4 164.21
Sc1-03-C5 164.50
02-Sc1-03 116.04
02-C4-H7 109.02
02-C4-HS8 108.50
02-C4-H9 108.50
03-C5-C6 110.79

03-C5-H10 106.51



Table 7A. (Continued)
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Bond Angle
03-C5-H11 106.51
C5-C6-H12 109.33
C5-C6-H13 110.92
C5-C6-H14 110.92
C6-C5-H10 111.92
C6-C5-H11 111.92
H7-C4-H8 110.33
H7-C4-H9 110.33
H8-C4-H9 110.12
H10-C5-H11 108.91
H12-C6-H13 108.15
H12-C6-H14 108.15
H13-C6-H14 109.28

Torsional Angle

Sc1-02-C4-H7 0.32
Sc1-02-C4-H8 -119.86
Sc1-02-C4-H9 120.50
Sc1-03-C5-C6 0.14
Sc1-03-C5-H10 122.08
Sc1-03-C5-H11 -121.80
02-Sc1-03-C5 -0.16
03-Sc1-02-C4 -0.34

03-C5-C6-H12 -180.00



Table 7A. (Continued)

Torsional Angle
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03-C5-C6-H13

03-C5-C6-H14
H10-C5-C6-H12
H10-C5-C6-H13
H10-C5-C6-H14
H11-C5-C6-H12
H11-C5-C6-H13
H11-C5-C6-H14

60.82
-60.81
61.30
-57.89
-179.52
-61.28
179.54
57.90
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Chapter 6

REACTION OF CHLORIDE IONS WITH CHLORINE NITRATE AND ITS
IMPLICATIONS FOR STRATOSPHERIC CHEMISTRY

Kevin C. Crellin, Bernd-Michael Haas and Mitchio Okumura

Contribution No. 2922, Arthur Amos Noyes Laboratory of Chemical Physics,
California Institute of Technology, Pasadena, CA 91125

Adapted from an article in the Journal of Physical Chemistry, 1994, 98, 6740-6745.
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Abstract

We present experimental evidence for the rapid gas-phase reaction of Cl- with
CIONO> to form Clp and NO3-. The reaction was studied using Fourier transform ion
cyclotron resonance mass spectrometry, and a reaction rate constant of (9.243.0)x10-10
cm3s-Imolecule-! at 298 K was determined. This value is = 80% of the rate constant
estimated from ion-dipole collision theory. The reaction enthalpy remains exothermic
with the inclusion of ion hydration enthalpies, indicating that the reaction could proceed
in condensed-phase water. These considerations suggest that chloride ions may react
directly with CIONO3 on water ice films and type II polar stratospheric cloud particles.
From the rapidity of the reaction, we also infer that gas-phase chloride ion cannot serve
as a sink for negative charge or active chlorine in the stratosphere.
Introduction

Heterogeneous reactions on aerosols are now held to be responsible for the high
degree of activation of chlorine in the polar stratosphere during winter and early
spring.]-3 Relatively inert reservoir species such as HCl and CIONO; decompose
readily on the surfaces of polar stratospheric cloud (PSC) particles. These aerosols are
believed to be composed of nitric acid hydrates (type I) or water ice (type II). While
laboratory studies have found that a number of reactions occur on model PSC films,4-14
Webster et al.15 conclude from recent field measurements of HCl and ClO
concentrations in the stratosphere that reaction 1 is critical in determining the winter and

HCI + CIONO; — Cl; + HNO3 1)

spring chlorine budget within the polar vortex. The homogeneous rate of reaction 1 has
not been detectable (k < 10-19 cm3s-1), but laboratory studies#-10,14 indicate that this
reaction has a high probability on water ice and water-rich nitric acid trihydrate (NAT).
Tabazadeh and Turcol® have attempted to construct a physicochemical model for this
and other heterogeneous reactions occurring on PSC surfaces, but their models can be

improved by a sound understanding of the reaction mechanisms.
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Although the form of HCI on PSCs has not been established, laboratory studies
on films suggest that the HCI is dissociatively ionized. This has led Molina and co-
workers414:17,18 to propose an ionic mechanism in which the chloride ion CI- reacts by
fast ion-ion recombination with Cl* from dissociatively ionized molecules such as
CI*HO- or CI*NO3-. Burley and Johnston!® have also hypothesized that ionic
mechanisms involving concerted nucleophilic displacement are important, especially for
reactions in sulfuric acid aerosols. Okumura and co-workers have investigated gas-
phase ion-molecule and cluster ion reactions in order to provide insights into possible
ionic mechanisms of heterogeneous reactions at the molecular level. In an earlier
paper,20 Nelson and Okumura demonstrated that the reactions of CIONO; with
protonated water clusters produced protonated nitric acid, in the form NO2*(H20),,
which led them to suggest that the reaction CIONO; + H,O would proceed by proton
catalysis.

The proposed existence of solvated Cl- on PSC particles!718 raises the question
of whether chlorine nitrate reacts directly with the chloride anion. As a first step, we
have examined (in the gas phase) reaction 2, which from known heats of formation is
exothermic.21:22 The gas-phase rate of reaction 2 has not been measured. Cl- undergoes

Cl- + CIONO; — Cly + NO3-, AH;x(g) = -24.6 kcal mol-! (2)
analogous exothermic reactions with HNO3 and N»Os. All three are driven in part by
the high electron affinity2! of NO3. Davidson et al.23 have found in ion flow tube
experiments that the latter two reactions proceed with near Langevin rates, raising the
possibility that reaction 2 is also fast.

The reactivity of CI- in the gas phase would also raise doubts about the proposal
by Wong et al.24 to alleviate the threat to stratospheric ozone by removing the
accumulation of chlorine in the stratosphere from anthropogenic sources. They propose
to temporarily charge the atmosphere with sufficient electron density to trap active

chlorine as chloride ion. Their proposal rests on the assumption that the resulting
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chloride ion is chemically inert; however, if Cl- reacts with an abundant (> 109 cm-3)
neutral species such as CIONO, such a scheme may not be feasible.

In this paper, we present experimental measurements of the reaction rate of Cl-
with CIONO3 in the gas phase using a Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer. We find that the chloride ion reacts rapidly with chlorine
nitrate. We discuss the implications of our results for the proposed ozone mitigation
scheme, and then present thermodynamic considerations which suggest that this reaction
could proceed in the condensed phases of water.

Experimental

FT-ICR mass spectrometry is a well-established technique, and its experimental
aspects have been discussed in the literature.25:26 Only details relevant to this
experiment are presented here. A 1-in. cubic trapping cell is located between the poles
of a Varian 15-in. electromagnet maintained at a field of 1.0 T. Data were collected with
an IonSpec Omega/386 FT-ICR data system and associated electronics. Neutral gases
CIONO; and CCly were introduced into the cell from ultrahigh-vacuum (UHV) inlet
lines by separate leak valves, and their pressures were measured with a Schultz-Phelps
ion gauge calibrated against an MKS 390 HA-00001SP05 capacitance manometer.
Uncertainties in the absolute pressure limited the accuracy of rate constants to £20%.
CIONO, was synthesized from the reaction of ClO and N,Os and then purified.2?
Purity was confirmed by UV absorption spectroscopy of a sample of CIONO; in a gas
cell.

Two chlorine nitrate gas handling systems were used. In the first experiments,
CIONO; was introduced through a standard UHV stainless steel inlet line and high-
precision leak valve (sapphire/OFHC-copper seal). Because stainless steel surfaces can
catalyze CIONO; decomposition,28 the inlet lines and vacuum chamber were treated
prior to introduction of CIONO,. Halocarbon vacuum grease was used on joints in the

inlet system, and the entire system was extensively baked to remove H>O. Passivation
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of the inlet line with CIONO; for 2-3 days was essential to minimize decomposition of
chlorine nitrate in the inlet line. During experiments, CIONO; was kept in a glass
sample bulb held at a temperature of -45 °C by an acetonitrile/dry ice bath to maintain a
CIONO; pressure of approximately 20 Torr in the inlet line.

To confirm the results obtained using the stainless steel inlet system and to
exclude the possibility of competing reactions with decay products, we repeated the
experiments introducing CIONO; through a glass (Pyrex) inlet line with Teflon valves.
The drawbacks of this inlet system were coarser control of gas flow by the Teflon leak
valve and slightly poorer vacuum seals compared to the UHV seals of the stainless steel
line. To compensate for the higher flow rates through the Teflon valve, the stagnation
pressure of CIONO; was kept at approximately 1 Torr by cooling the sample to -80 °C in
an acetone/dry ice bath.

We used the positive ion mass spectrum as a diagnostic to assess the purity of the
CIONO; sample in the ICR cell. Spectra were taken 80 ms following a 20 ms pulse of
70 eV electrons (at an emission current of 0.3 ftA). Primary ions formed by electron
impact ionization underwent 1-2 collisions prior to recording the mass spectrum. We
used the Clp* signal as a measure of the quality of CIONO; in the ICR cell, because Clp*
is produced only by ionization of the neutral Clp decomposition product and not from
fragmentation of ionized CIONO;. In the absence of passivation of the stainless steel
line, the mass spectrum consisted almost entirely of Cly*; after passivation, the Clp*
signal was reduced by 3 orders of magnitude and accounted for less than 5% of the total
ion signal. No decomposition was observed using the glass line.

Reactant chloride ions were formed by electron attachment to background gas.
Chlorine nitrate did not prove to be an efficient source of Cl- under any negative
ionization conditions. Instead, we chose to generate Cl- from CCly. This precursor is

ideally suited as a chloride ion source because it has a large cross section for dissociative
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attachment to form Cl- and CClj as products.29:30 CCl5 is inert toward CIONO;. CCly
also serves to scavenge electrons after the electron beam pulse.31

CCl4 was added to the ICR cell through a separate leak valve and Cl- reactant
ions were formed by electron bombardment of CCly at a partial pressure of
approximately 3.0x10-7 Torr with an electron energy of 1.7 eV. The Cl- ions were then
selectively isolated (see Figure 1, upper panel) and trapped in the ICR cell by ejecting
the unwanted ions NOjy- and NO3-. After ejecting ions of other m/z (defining ¢ = 0 ms),
we followed the reaction of the CI- ions with background neutral CIONO; at partial
pressures in the range of (1-4)x10-7 Torr. All experiments were performed at room
temperature (298 K). Mass spectra were then recorded in time intervals of 50 ms to
monitor the disappearance of Cl- and the appearance of NO3-. Positive ion spectra of
CIONO; were taken after approximately 2 hours to assess the extent of decomposition
that had occurred by observing the amount of the decomposition product Cl* present.
These spectra indicated that, although the stainless steel line had been thoroughly
passivated, up to 25% of the CIONO, had decomposed in the inlet line during a run of
experiments. When CIONO; was introduced through the glass inlet line, no sign of
decomposition was evident in the mass spectra.
Results

Reaction 2 was the only observed reaction of CI- with CIONO; (see Figure 1).
The most likely interference would have come from products of chlorine nitrate
decomposition: NO, NO; and Clp. Bakeout of the UHV-sealed chamber and inlet line
minimized H,O contamination, so the products HOCI and HNO3 from CIONO;
hydrolysis were absent. All of the expected contaminants have electron affinities below
that of Cl and therefore could neither react with Cl- nor produce NOj3".

Figure 1 displays mass spectra taken at ¢t = 0 ms and ¢ = 200 ms and illustrates

how the reaction proceeds in time. Figure 2 shows a semilog plot of the decay
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Figure 1. (upper) Isolation of Cl- at 75 ms after the 1.7 eV electron beam pulse
corresponding to ¢ = 0 ms, the time at which all other ions have been ejected. (lower) At
t = 200 ms, NO3- products from Cl- + CIONO; — Clp + NO3- have been formed. The
pressure of CIONO; was 2.28x10-7 Torr and the pressure of CCly was approximately
3x10-7 Torr.
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Figure 2. Observed decay of the Cl- abundance with time for a single run. The line is a

fit to the data. Conditions were the same as in Figure 1.
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of the Cl- relative abundance versus time for a single experiment. Rate constants for
reaction 2 were determined from the decay of Cl- abundance versus time by integrating
the pseudo-first-order rate equation d[Cl-}/dt = -k[CIONO2][CI-] with [CIONOz] held
constant. [Cl-] was calculated as the sum of both CI- isotopes. Five experiments were
performed with the stainless steel inlet line and four with the glass inlet line.

The rate constant obtained with the stainless steel inlet system, assuming that
25% of the CIONO; decomposed in the inlet line during each set of runs, was
(7.443.0)x10-10 cm3s-molecule 1, where the error bar (10) includes the uncertainty in
the extent of chlorine nitrate decomposition that had occurred during a given run and the
accuracy of the absolute pressure measurements. The rate constant obtained when
ClONO, was introduced through the glass inlet system was (11.3%3.7)x10-10
cm3s-lmolecule-l. The results from the set of runs done with the glass system are
somewhat higher, suggesting that we did not account for all the decomposition of
CIONO; in the stainless steel inlet line; however, the two results are still comparable.
We calculated an average rate constant for reaction 2 of (9.243.0)x10-10
cm3s-Imolecule-1; the two results are within the error bars of their average. We can
compare the observed k to a theoretical prediction for the collision rate based on the
average dipole orientation (ADO) theory.32 From the experimental CIONO; dipole
moment of 0.77 D,33 and the theoretically calculated CIONO, polarizability of 4.54 A,34
we calculate that the ion-dipole collision rate constant kapo = 1.16x10- 10
cm3s-!moleculel. The reaction efficiency k/kapo = 0.79.
Discussion

We have found that chloride ions react with chlorine nitrate in the gas phase at
near ion-dipole collision rates. Thus there is little or no activation barrier for this
reaction. Previous ab initio calculations by Kuwata and Okumura have indicated that
there is no energetic barrier for the approach of a Cl- ion toward the chlorine atom in

CIONO;. In fact, they find a minimum along the reaction coordinate pathway
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corresponding to the ion-molecule complex Cl*NOj3-, and calculated a binding enthalpy
of AHsgg = 5.9 keal mol-! for this complex relative to Cly + NO3-.34 The ab initio
structure of the complex34 is shown in Figure 3. The reaction pathway (including the
ion-molecule complex) is shown in Figure 4 (upper curve) and is similar to that of other
exothermic ion-molecule reactions.

Our results have immediate implications for the ozone mitigation scheme
proposed by Wong et al.24 The large rate constant we have observed at room
temperature suggests that Cl- will react with the CIONO; present in the stratosphere.
While we do not know the temperature dependence of the rate constant for the reaction,
exothermic ion-molecule reactions with small barriers and bound transition complexes
typically have either zero or negative temperature dependences. We therefore expect the
reaction rate constant to be similar at stratospheric temperatures. For a CIONO; mixing
ratio of 2 ppb at 100 Torr in the stratosphere, the lifetime of Cl- will be on the order of
seconds to minutes. The chlorine nitrate densities in the stratosphere are sufficiently
high to assure that there is an excess of CIONO; relative to Cl-, even at charge densities
as high as 109 ¢cm-3. Furthermore, reaction 2 has the deleterious effect of not only
destroying Cl- but also activating the comparatively inert CI reservoir species CIONO;
to form the photoactive Cly molecule and sequestering the negative charge in the inert
NOs3- ion, thus potentially contributing to stratospheric ozone depletion. In addition, we
find that low-energy electron attachment directly to chlorine nitrate does not lead to
production of ClI-. On the basis of the present results, we conclude that the chloride ion
will not be a stable sink of negative charge or atomic chlorine in the stratosphere.

We should note that Wong et al.35 have recently demonstrated a charged-induced
recovery of ozone in a chamber experiment, which they attribute to formation of inert
Cl-. However, the applicability of their results to the atmosphere remains in doubt,
because the experiment does not include trace constituents such as CIONO; and HNO3

at relative concentrations of [X]/[O3] = 10-3 similar to the lower stratosphere. The rate
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Figure 3. Ab initio structure of the Clp*NO3- complex calculated by Kuwata and

Okumura (reference 34). The binding enthalpy AHjgg of this complex is 5.9 kcal mol-1.

Note that Cl; is the attacking CI- ion.
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Figure 4. Reaction coordinate diagram for Cl- + CIONO; — Clp + NO3". The upper
curve is based on the gas-phase enthalpies. The lower curve includes corrections for ion
solvation enthalpies. The ionic hydration enthalpy of the Clp*NO3- intermediate is
obtained by estimating the hydration of Kuwata and Okumura's ab initio charge
distribution calculated for Clp*NO3- (reference 34). Details of the hydration calculation

are given in the text.
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constants measured in this work and by Davidson et al.23 indicate that such trace species
can rapidly and completely convert the chloride ions back to radical forms, even at the
charge densities and time scales used in the chamber experiment.

The reaction of Cl- with CIONO> in the gas phase raises the possibility that such
a reaction could also occur on a PSC surface. Such a reaction is consistent with the
hypothesis that HCI is dissociatively ionized in stratospheric particles. Our results
support the speculation of Molina and co-workers%14.17.18 that the chloride ion is
involved in the reactions HCI with CIONO; and HOCI on PSCs. However, there does
not appear to be a need to invoke explicit ionization of the partner,18 e.g., CI*NO3- or
CI*OH-. Chu et al.l0 have also recently questioned whether such ionization of the
partner occurs, but the expression CI*NO3- could still be considered formally correct in
that it describes the partial charges on neutral chlorine nitrate calculated by Kuwata and
Okumura.34 A direct ionic reaction is especially plausible if the PSC surfaces have a
quasi-liquid structure that would allow solvent reorganization as proposed by Molina et
al.418 In the following paragraphs we examine the effects of going from the gas phase

to the condensed phase of water.

The reaction enthalpy is modified to first order by the heats of hydration AHpyg
of the ions. From the literature,36 we find that AHpyd(Cl7) = -90 keal mol-1, somewhat
higher than AHpyg(NO3) = -79 keal mol-1. With these corrections, we find AHpx,(hyd)
=~ -14 kcal mol-! (see Figure 4), where we use the notation "(hyd)" to refer to ion
hydration. Thus the reaction remains significantly exothermic. A second-order
correction to AHyxp requires the solvation energetics for the neutral species. The
solvation energetics of neutral chlorine nitrate is not known, but if we assume a crude
estimate for the hydration enthalpy of CIONO; of approximately -15 kcal mol-! (roughly
3-4 hydrogen bonds),!0 then with AHnpyd(Clp) = -6.5 kceal mol-1 for Chb aqueous
hydration,37 we find that the heat of reaction would still be exothermic by approximately

5 kcal mol-1.
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The rate of reaction in the condensed phase will depend on how solvation affects
the transition region of the reaction. As is well-known in SN2 reactions,38-40 the charge
- becomes delocalized and the transition region is less stable relative to the reactants and
products in polar solvents, especially protic solvents. These effects destabilize ion-
molecule complexes and increase transition-state energies, thus slowing reaction rates.

Although the Cl- + CIONO; system is quite polar, and the ion-molecule complex
Clp*NO3- may remain a stable intermediate in aqueous or solid H»O. Kuwata and
Okumura's previously calculated binding enthalpy of Cl; to the nitrate anion is 6 kcal
mol-1,34 which is somewhat less than that of HoO to NO3- (14.6 kcal mol-1)41 An
analogous complex, ClOH-, has been proposed by Eigen and Kustin4? as an -
intermediate in the aqueous hydrolysis of Cl; as shown in reaction 3. This reaction has

Cl- + CIOH =CI,0H- = OH- + Clp (3)
been proposed based on experimental evidence from aqueous-phase studies.

We can roughly estimate the ionic part of the hydration enthalpy of the
intermediate complexes by considering the hydration of Cl&leesCleeeNO3-S. The
contribution of each partially charged moiety to the total ionic hydration enthalpy can be
estimated by scaling the experimental hydration enthalpies of Cl- and NO3- using
weighting factors obtained from the Born model of ion solvation.36-43  The Born

equation states that the electrostatic energy of interaction between a charged sphere and

a continuous dielectric medium is given by equation 4, where ¢ is the dielectric constant
(ze)2(1 - l)

Woern = W—g— @)
of the medium, ze is the charge of the sphere and r is the radius. The model thus predicts
that the solvation energy simply scales as the square of the charge if we assume that the
radius r does not change. With these assumptions, we can estimate the solvation

enthalpy of the Clo*NO3- complex by using the interpolation of equation 5, with z(X;)



205

2 2
_ Jaep T |1 3| 20
Athd (C12 ® NO3) = Athd (Cl )[ZO (Cll)] + EAthd (NO3 )Z[ZO (O’):| (5)

denoting the calculated partial charges residing on the atom X; of the Cl2*°NO3- complex,
and z0(X;) the calculated charge on atom X; of the separated ions Cl- and NO3-. Kuwata
and Okumura find that z0(Cly) = -1, z9(0;) = -0.55, z(Cl}) = -0.29, z(01) = -0.49, z(07) =
-0.45 and z(03) = -0.47. The charge on the center N atom is not included in the
summation for NO3- because Kuwata and Okumura found it does not change in going
from NO3- to Clp*NO3-.34

We obtain an estimate for AHpyd(Cl2°NO3-) of -65 keal mol-1. The hydrated
complex thus has an enthalpy 7 kcal mol-! below the reactants, as shown in Figure 4
(lower curve). Unfortunately, there is no identifiable "neutral” moiety, so we cannot
readily estimate the total (ion + neutral) hydration enthalpy of the complex. By
comparison, equation 5 predicts that the activation barrier for the reaction Cl- + CH3Cl is
48 kcal mol-1, far greater than a solution-phase value of 28 kcal mol-! predicted in a
recent simulation.44 The z2 dependence thus probably overestimates the effects of
solvent destabilization. Even this simple model then predicts that Clp*NO3- may be a
stable complex in condensed-phase HO.

From the solvation energetics we conclude that the reaction Cl- + CIONO; could
be energetically favored in condensed-phase H,O. While we cannot estimate the height
of the activation barrier in solution or on ice, the above considerations suggest that the
transition state may be stabilized more in reaction 2 than in simple symmetric SN2
reactions such as Cl- + CH3Cl. Furthermore, since solvent H>O molecules likely already
form hydrogen bonds with the polar nitrate group of neutral CIONO2, only small
changes in the solvent microstructure are necessary to stabilize NO3- as charge is
transferred. The free energy of activation may therefore be low enough for the reaction

to proceed on time scales relevant to the stratosphere.
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Our demonstration that CI- and CIONO; react rapidly in the gas phase is a first
step toward an understanding of the molecular mechanism for the heterogeneous
reaction 1. We have presented qualitative arguments which suggest that the direct
reaction of Cl- with CIONO; is thus a plausible mechanism for the reaction observed to
take place on model PSC films, HCI + CIONO2 — Cl; + HNO3. Other mechanisms are
possible, e.g., solvent-assisted reactions of neutral HCI or dissociative ionization of
CIONO; to ClO- + NOy+. However, the proposed mechanism is consistent with the high
Cl- concentration observed in laboratory films exposed to HCl and with our
understanding of the effects of solvation on SN2 reactions.

A number of issues must be clarified before we can establish that this ionic
pathway does in fact occur on ice and PSC surfaces. We must understand not only
solvation energetics but also the molecular structure of PSC surfaces (crystalline,
amorphous or quasi-liquid), entropic barriers on ice, reactant diffusion and dissociative
ionization of HCIl or CIONO,. Direct reaction of Cl- will also be in competition with
CIONO; hydrolysis followed by the reaction HOCI + HCI. Ultimately, studies of such
questions should provide a detailed molecular picture of heterogeneous reactions
occurring on or near the surfaces of PSC particles.
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Abstract

Fourier transform ion cyclotron resonance mass spectrometry has been used to
examine the reactions of Si(CH3z)3t with nitrobenzene, TNT and RDX. With
nitrobenzene the only reaction observed is adduct formation which generates the
CeHs5NO;Si(CH3)3* ion. The bimolecular rate constant for the reaction of Si(CH3)3*
with nitrobenzene is measured to be 1.8x10-% cm3s-lmolecule-l. With TNT
fragmentation and adduct formation were observed. The bimolecular rate constant for
the reaction of Si(CH3)3+ with TNT is measured to be 0.85x10-% cm3s-!molecule-!.
With RDX the dominant reaction observed is adduct formation, but some fragmentation
is seen as a minor reaction pathway. The bimolecular rate constant for the reaction of
Si(CH3)3* with RDX is estimated to be similar to that observed with TNT
(approximately 0.7x10-9 cm3s-Imolecule-!). Collision induced dissociation experiments
performed on both the TNT-Si(CH3)3+ and the RDX-Si(CH3)3* adducts using off-
resonance collisional activation show the same fragmentation pattern that is observed
during adduct formation. This fragmentation pattern appears to be a "fingerprint" for
both adducts. These reactions appear to be driven by the high affinity of Si for oxygen
and the attraction of the Si(CH3)3* ion to the formal negative charge of oxygen in a nitro
group. A reaction coordinate diagram for reactions of RDX with Si(CHz3)3* is derived
(from known thermochemistry and ab initio calculations on the reactive intermediates)
and its implications discussed. Reactions of this type could be useful as a detection

scheme for common explosives.
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Introduction

The threat of terrorism against increasingly diverse targets has focused much
attention on developing methods to detect the explosives commonly used by
terrorists.1-3  One of the most common explosives used is 1,3,5-trinitro-1,3,5-
triazacyclohexane (structure I), which is commonly called RDX and is the major
explosive ingredient used in the plastic explosive C-4. 2,4,6-trinitrotoluene (abbreviated

TNT and shown in structure II) is another explosive often used by terrorists. One class

TOZ CH3
| Ne_ O,N NO,
Hzc/ THZ
N N
0N e, NO;
NO,
I II

of methods being investigated for use in detection of explosives such as RDX and TNT
is mass spectrometry. It would be convenient to be able to detect these explosives with
mass spectrometry, but two problems must be overcome. One problem is the low vapor
pressures of most explosives.1# This problem can be overcome by heating the sample,
which facilitates the vaporization of the explosive.

The second and greater problem is the complex chemistry exhibited by these
explosives. Because of the high electron affinity of the NO2 group,3 many attempts
have been made to form negative ions of these explosives for detection by mass
spectrometry. Electron attachment6 and negative chemical ionization?-9 have been tried,
but mostly fragmentation is observed, making the interpretation of spectra difficult.
Laser desorption/ion mobility mass spectrometryl0 has shown promise with detection of
the anions of explosives, but a large amount of fragmentation is still seen with RDX and

HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane).
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Detection in positive ion modes has also been tried. Laser ionization/time of
flight mass spectrometry has been used to detect NO* from explosives.!! However, any
compound with an NO, group could produce the same signal, leaving this technique
open to defeat by interferences. Much effort has been put into attempts to detect
explosives by using chemical ionization mass spectrometry.”-12-20 Some of the reagents
tried in past studies include hydrogen,l4 water,15 methane,17-19 isobutanel6.17.20 and
ammonia.l8 Unfortunately, the working conditions and gas used greatly affect the
fragmentation spectra observed.!3 Furthermore, fragmentation often dominates the
spectra in these previous studies, which greatly complicates the interpretation of the
observed spectra. It should also be noted that explosives are not particularly basic, and
thus detection with the chemical ionization agents tried previously might be masked by
the presence of trace species of higher proton affinity.

The two terminal oxygens of the nitro group in explosives possess a sizable
partial negative charge due to the electronegativity of oxygen. Thus the terminal
oxygens are expected to be susceptible to attack by Lewis acids. In addition, oxygen has
a high affinity for Si. The (CH3)3Si-OH bond energy, D93, is 128 kcal mol-1,21
whereas the (CH3)3Si-CHj3, (CH3)3Si-NHCH3 and (CH3)3Si-H bond energies are 89.4
kcal mol-1, 100 kcal mol-!, and 90.3 kcal mol-1, respectively.2! Previous studies have
shown that Si(CH3)3+, the trimethylsilyl cation, will readily form adducts with oxygen-
containing compounds.22-24 Therefore we surmised that an ion such as Si(CHz)z*
should form strongly bound complexes with molecules containing NO groups. Most
common explosives contain nitro groups, so Si(CHz3)3* should selectively react with
these and analogous compounds. Furthermore, since Si(CH3)3* interacts strongly with
oxygen, it should not be labile like a proton. Rather, Si(CH3)3* should remain where it
initially attaches. The purpose of this work is to test our hypothesis that Si(CH3)3*
forms stable adducts with compounds containing nitro groups and evaluate its possible

use as an alternative chemical ionization reagent for the detection of explosives. We will
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present evidence showing that such reactivity is observed and provides a basis for the
mass spectrometric detection of explosive compounds such as TNT and RDX.
Experimental

Overview. Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry is a well-established technique and its experimental aspects have been
discussed previously in the literature.25 Only details relevant to this experiment are
presented here. A 1-in. cubic trapping cell is located between the poles of a Varian 15-
in. electromagnet maintained at a field of 2.0 T. Data were collected with an IonSpec
Omega/386 FT-ICR data system and associated electronics. Tetramethylsilane (TMS),
Si(CH3)4, and nitrobenzene were introduced into the cell from vacuum inlet lines by
separate leak valves, and their pressures were measured with a Schultz-Phelps (SP) ion
gauge calibrated against an MKS 390 HA-00001SPO5 capacitance manometer.
Uncertainties in the absolute pressure limited rate constants to an accuracy of £20%.
Both TMS (99.9% pure) and nitrobenzene (99% pure) were obtained commercially from
Aldrich and purified by freeze-pump-thaw cycling. TNT was obtained from Thermedics
and RDX was obtained commercially from Radian Corporation. The TNT was obtained
as a solid, and the RDX in a solution with a 1:1 v/v mixture of acetonitrile and methanol.
The concentration of RDX in the solution was 1 mg/ml.

Trimethylsilyl cation was generated by electron impact of TMS at a partial
pressure of about (9-10)x10-8 Torr. We found that a nominal electron energy of 22 eV
was the most favorable energy for the formation of Si(CH3)3* ions. We then introduced
nitrobenzene to the cell at pressures in the range of (2-3)x10-7 Torr, and Si(CH3)3* was
isolated by ejecting unwanted ions from the cell using frequency sweep excitation.26
Subsequent reactions of nitrobenzene with Si(CH3)3* were then observed. Rate
constants were determined in a straightforward manner, from slopes of semilog plots of
the decay of reactant ion abundance versus time and the pressure of the neutral reactant.

The reported rate constants are averages of several different sets of experimental data
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taken at different pressures of the neutral gases. The temperature was assumed to be 298
K for all data sets.

The Probe Inlet/Internal Source Apparatus. RDX and TNT were introduced to
the ICR cell with a newly designed probe assembly (Figure 1). When the probe is not
inserted, a gate valve is present to close off the main chamber from the probe inlet
vacuum line. Vacuum is maintained by a mechanically-backed diffusion pump. A
liquid nitrogen (LN3) trap is also used with the diffusion pump to prevent pump oil from
diffusing throughout the vacuum system. Pressures as low as 1x10-8 Torr can be
obtained in the probe inlet line, but experiments are run with background pressures as
high as 5x10-8 Torr. When the gate valve between the probe inlet line and main vacuum
chamber is opened, the probe can be inserted next to the ICR cell.

Figure 2 shows the design of the heated probe tip. The sample is placed in a 1.5
mm O.D. glass capillary tube and inserted into a copper holder. This holder is
resistively heated and the temperature of the tip is measured with an Omega #HHMS7A
digital multimeter thermometer using a standard alumel-chromel thermocouple. With
this implementation, non-volatile solids can be introduced to vacuum and heated to
induce vaporization.

Solid TNT was inserted into a 1.5 mm O.D. glass capillary tube. The sample
tube was then inserted into the probe tip and the probe tip was introduced to the vacuum
chamber. No heating was required to generate TNT vapor, but with heating we were
able to produce enough vapor to calibrate the SP ion gauge against the capacitance
manometer. For the reaction with Si(CH3)3+, the partial pressures of TNT present in the
cell were in the range (1-2)x10-7 Torr. The RDX solution was injected into a 1.5 mm
O.D. glass capillary tube and the solvent evaporated. Generation of RDX vapor from the
solid required heating the sample tube to approximately 100 °C, which is below 175 °C,
the decomposition temperature of RDX.42 We were unable to produce enough RDX

vapor to calibrate the SP ion gauge against the capacitance manometer. Thus we were
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Figure 1. Schematic of the complete probe inlet/internal source apparatus.
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Figure 2. Schematic of the assembly of the heated probe tip. Drawing A shows a cross
section of the cap to the probe tip, which screws on the top of the probe assembly.
Component C is the resistively heated copper holder which houses the glass capillary
tube. Drawing D shows a cross section of the end of the metal probe, which is
approximately 1 m long, hollow and open to atmosphere. The probe is hollow to allow
us to insert the heating wires and the thermocouple. B is a Viton o-ring which is placed
between the copper holder and the metal probe. By tightly screwing on the cap of the
probe tip the o-ring is squeezed between the holder and the probe, sealing off the inside
of the probe (which is at atmosphere) from vacuum. Drawing E shows how the

components are put together for use.
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unable to directly measure the absolute pressure of RDX present in the cell. However, if
we assume that the sensitivity of the SP gauge to RDX is similar to the gauge’s
sensitivity to TNT and nitrobenzene, then we can estimate that the partial pressures of
RDX present in the cell were in the range (2-4)x10-7 Torr.

With both TNT and RDX, TMS was already present in the cell at pressures of
about 1x10-7 Torr, and after isolation of the Si(CH3)3* ion subsequent reactions of TNT
and RDX with Si(CH3)3* were then observed. Rate constants were calculated using the
pressure of TNT and the estimated pressures of RDX. The temperature is assumed to be
100 °C for the RDX experiments. For the TNT experiments we assume the cell is at the
ambient temperature.

Collision Induced Dissociation (CID) Experiments. CID experiments were

performed on the TNT-Si(CHz3)3* and RDX-Si(CH3)3t adducts to characterize the
fragmentation patterns observed and determine if unique fragments are produced that
could act as a "fingerprint" for either explosive. We used sustained off-resonance
irradiation (SORI)27 to achieve the CID of both adducts. The collision energy for TNT
was varied between 0 and 12 eV, while for RDX the energy was varied between 0 and 7
eV in the laboratory frame of reference. The TMS gas and TNT or RDX vapor present
in the cell served as the collision gas.

Results

Reaction of Si{CH3)3* with Nitrobenzene. Reaction 1 was the only process

Si(CH3)3* + C¢H5NO, — CsH5NO,Si(CH3)3+ (D

observed when Si(CH3)3* reacted with nitrobenzene (see Figure 3). Figure 4 shows a
typical semilog plot of the decay of the Si(CHz3)3* relative abundance for a single
experiment. For the reaction of Si(CH3)3* with nitrobenzene the total bimolecular rate

constant k = 1.8x10-2 cm3s-1molecule-! and the reaction efficiency k/kapo = 0.68.28-30
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Figure 3a. Isolation of the Si(CH3)3t ion at ¢ = 0 ms.

Figure 3b. Spectrum of the products of the reaction of Si(CH3)3* with nitrobenzene at ¢

= 150 ms. The pressure of nitrobenzene in the cell is 2.2x10-7 Torr.

Figure 3c. Spectrum of the products of the reaction of Si(CH3)3* with nitrobenzene at ¢

=400 ms.
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Figure 4. A semilog plot of the decay of the Si(CH3)3* abundance with time for a single

experimental run with nitrobenzene. The line is a fit to the data.
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Reaction of Si(CH3)3t with TNT. Reactions 2 and 3 were observed when

45% , TNT-Si(CHz)3+ (2)
Si(CH3)3* + TNT—

|55% , C7HsN205Si(CH3)3t + NO 3)
Si(CH3)3+ reacted with TNT (see Figure 5). For the reaction of Si(CH3)3* with TNT the
total bimolecular rate constant k¥ = 0.85x10°9 cm3s-lmolecule-! and the reaction

efficiency k/kapo = 0.53.28:31

CID of the TNT-Si(CH3)3* Adduct. Reaction 4 was the only reaction observed

TNT-Si(CH3)3* » C7H5N205Si(CH3)3* + NO 4)
when the TNT-Si(CH3)3* adduct underwent CID (see Figure 6). The fragment observed
from CID of the TNT-Si(CH3)s* adduct is the same as the fragment seen as a product of
the reaction of TNT with Si(CH3)3*. This fragment appears to be characteristic of the
TNT-Si(CH3)3+ adduct.

Reaction of Si(CH3)3* with RDX. Reactions 5-7 were observed when Si(CH3)3t

0% , RDX-Si(CH3)3* (5)
Si(CH3)3* + RDX ——155%, (CHoN7042)2Si(CH3)3* + CHaN2 O3 (6)
115% , CH,N,0,Si(CH3)3* + CoH4N4O4 (7

reacted with RDX (see Figure 7). The product distribution given corresponds to reaction
times greater than 500 ms. For the reaction of Si(CHz3)3* with RDX the total
bimolecular rate constant k is estimated to be 0.7x10-9 cm3s !molecule ! at 100 °C. We
estimate that the reaction efficiency k/kapo = 0.2.28:32

CID of the RDX-Si(CH3)3*_Adduct. Reactions 8 and 9 were observed when the

> (CHpN202)2Si(CH3)3% + CH2N202 t))

RDX-Si(CH3)3*

> CHaN702Si(CH3)3% + CoH4N4O4 )

RDX-Si(CH3)3+ adduct underwent CID (see Figure 8). The fragments observed from

CID of the RDX-Si(CH3)3* adduct are the same as the fragments seen as minor products



226

Figure 5a. Isolation of the Si(CH3)3* ion at r = 0 ms.

Figure 5b. Spectrum of the products of the reaction of Si(CH3)3* with TNT at ¢ = 400

ms. The pressure of TNT in the cell is 1.2x10-7 Torr.

Figure 5c. Spectrum of the products of the reaction of Si(CH3)3* with TNT at # = 1000

ms.
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Figure 6a. Isolation of the TNT-Si(CHz3)3+ adduct at r = 0 ms, after the Si(CH3)3* has
had 1000 ms to form the adduct.

Figure 6b. CID spectrum of the TNT-Si(CH3)3+ adduct. The collision gas is a mixture
of TNT and TMS in a 1:1 ratio. Ions were excited at a frequency approximately 2000
Hz below the resonant frequency of the ion (approximately 6 m/z higher) for 500 ms.
The average collision energy was 3.7 eV for the TNT-Si(CH3)3* adduct in the center-of-

mass frame of reference.
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Figure 7a. Isolation of the Si(CH3)3* ion at # = 0 ms.

Figure 7b. Spectrum of the products of the reaction of Si(CH3)3* with RDX at r = 300
ms. The estimated pressure of RDX in the cell is (2-3)x10-7 Torr. The RDX sample has
been heated to approximately 100 °C. The peak at m/z 279 is attributed to the loss of

atomic oxygen from a small amount of the RDX-Si(CH3)3* adduct.

Figure 7¢. Spectrum of the products of the reaction of Si(CH3)3* with RDX at ¢ = 1000
ms. The peak at m/z 279 is attributed to the loss of atomic oxygen from a small amount

of the RDX-Si(CH3)3+ adduct.
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Figure 8a. Isolation of the RDX-Si(CH3)3* adduct at ¢ = 0 ms, after the Si(CH3)3* has

had 1000 ms to form the adduct.

Figure 8b. CID spectrum of the RDX-Si(CH3)3* adduct. The collision gas is mixture of
RDX and TMS in a 3:1 ratio. Ions were excited at a frequency approximately 1400 Hz
below the resonant frequency of the ion (approximately 4 m/z higher) for 125 ms. The
average collision energy was 1.3 eV for the RDX-Si(CH3)3* adduct in the center-of-
mass frame of reference. The peak at m/z 279 is attributed to the loss of atomic oxygen

from a small amount of the RDX-Si(CHz)3* adduct.
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of the reaction of RDX with Si(CH3)3*. These fragments appear to be characteristic of
the RDX-Si(CH3)3* adduct. We should note that the product distribution is dependent
on the average collision energy. At an average collision energy of 0.6 ¢V (in the center-
of-mass frame of reference), very little of the product of reaction 9 is seen. However, as
the collision energy is increased, the relative amount of CH3N20,Si(CH3)3* that is
formed also increases.

Semi-Empirical and Ab Initio Calculations

Overview. From the structure of RDX one can see that it is made up of three
monomer units in a ring. The products we have seen in reactions 6-9 show that under
the conditions present in the ICR cell, fragmentation involves the loss of one or two
CH;N70O> units, leaving behind a dimer or monomer adduct. To assist us in the
elucidation of the energetics of RDX, its fragments, and the adducts of RDX and its
fragments with Si(CH3)3*, we used semi-empirical and ab initio calculations to study
these various species. Semi-empirical calculations on the adduct species were performed
with HyperChem,33 while PS-GVB34 and the Gaussian 92 suite of programs35 were
used to perform ab initio calculations on RDX and its fragments.

RDX and Neutral Fragments. Initial geometry optimizations were performed

using PS-GVB to identify the lowest energy isomers of the various species. These
optimizations were done at the Hartree-Fock (HF) level with a 6-31G** basis set.
Single-point calculations at the localized second-order Mgller-Plesset (LMP2) level with
a 6-31G** basis set were then performed on all of the HF-optimized structures to
confirm the HF energies and obtain better estimates of the relative energies of RDX and
its fragments. The dipole moment and polarizability of the lowest energy RDX
conformation was also calculated at the HF level to provide the estimates used in the
results section for calculation of reaction efficiencies. Gaussian 92 was then used to

calculate the harmonic vibrational frequencies for the lowest energy monomer, dimer



235

and trimer structures to obtain zero-point energies. The frequency calculations were
done at the HF level with a 6-31G** basis set.

Several different geometries were calculated for RDX and its dimer and
monomer fragments. Figure 9 shows the HF-optimized lowest energy geometries of
RDX and its dimer and monomer fragments.3® For RDX the lowest energy
conformation is a chair form with two nitro groups in an axial position and the remaining
nitro group equatorially oriented. The lowest energy dimer fragment of RDX is
composed of a planar four-membered ring with the nitro groups oriented in a trans
fashion with respect to the plane of the ring. The CH;NNO3 unit was found to have a
planar geometry in its lowest energy conformation. Although a previous study3” found
that the lowest energy geometry for RDX had a chair conformation with all nitro groups
axial (they found the chair form with two axial nitro groups was 0.6 kcal mol-! higher in
energy), the highest level of calculation Coffin et al. utilized was HF with a 4-21G basis
set. Gas-phase electron diffraction studies have found that RDX has a chair
conformation with all nitro groups axial,3® in contrast to our calculations. However, we
found that in our calculations the energy of the chair form of RDX with all nitro groups
axial was only 0.64 kcal mol-! higher than the chair form with two nitro groups axial.
This is the virtually the same energy difference found by Coffin et al.,37 but our energy
ordering for these two forms are reversed. Furthermore, we find that the energies of
chair RDX with one axial nitro group and no axial nitro groups are 1.2 and 6.5 kcal
mol-1 higher, respectively, than our calculated lowest energy form. Coffin et al.
calculated that the energies of chair RDX with one axial nitro group and no axial nitro
groups are 1.7 and 7.2 kcal mol-! higher, respectively, than their calculated lowest
energy form. Thus our calculations appear to agree fairly well with those of Coffin et

al., except for the ordering of the two lowest energy conformers.
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Figure 9. HF-optimized geometries of the lowest energy conformations of (a)
CH,NNO3, (b) (CHaNNO»),, and (c) RDX. Optimizations performed with a 6-31G**
basis set. Structural parameters for each of these species are shown in Tables 1A-3A in

the appendix to this chapter.
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From the calculated LMP?2 relative energies of RDX and its dimer and monomer

fragments, we can theoretically evaluate AH for reactions 10-12. Since the LMP2 level

RDX — 3CH3NNO; (10)
RDX — (CH2NNO3j); + CHaNNO, (11)
(CH2NNOy); = 2CHNNO; (12)

of theory is size-consistent, AH can be rigorously calculated as the difference of the
electronic energies of the products and the electronic energies of the reactants. When
zero-point energies are taken into account and 0 K enthalpies are corrected to 298 K
enthalpies, we find that AHjg = +37.6 kcal mol'l, AH|; = +30.5 kcal mol-! andAH|; =
+7.1 kcal mol-1. The dipole moment and polarizability of RDX were calculated to be
6.5 D and 12.3 A3, respectively, at the HF level of theory. Our calculated dipole
moment agrees well with previously calculated dipole moments.3?

In addition to the previously described ab initio calculations on RDX and its
fragments, we also performed semi-empirical calculations at the PM3 level40 with
HyperChem on RDX and its fragments (to complement the calculations described in the
next section). These calculations predict that AH'f29g(RDX,g) = +42.0 kcal mol-1,
AH’¢ y9g(dimer,g) = +33.2 kcal mol-! and AH’f 298(monomer,g) = +27.4 kcal mol-l. The
values for AHj9, AH|| and AH|, calculated from these semi-empirical heats of
formation are 40.2, 18.6 and 21.6 kcal mol-l, respectively. The poor agreement between
the ab initio and semi-empirical enthalpies of reactions 11 and 12 is probably a reflection
of the inaccurate prediction of AH'f9g(dimer,g) by the PM3 method.41

RDX-Si(CH3)s*_and Cationic Fragments. Geometry optimizations were
performed using HyperChem to determine the lowest energy conformations of RDX-
Si(CH3)3t, its cationic fragments, and Si(CH3)3*. The optimizations were done at the
PM3 level of calculation. Figure 10 shows the PM3-optimized geometries of RDX-
Si(CH3)3+, its dimer and monomer fragment adducts, and Si(CH3)3*.36 For the RDX-

Si(CH3)3* adduct, the lowest energy form had all three nitro groups in an axial position.
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Figure 10. PM3-optimized geometries of the lowest energy conformations of the (a)
Si(CH3)3* ion and the (b) CHyNNO,-Si(CH3)3*, (¢) (CH2NNO2)2-Si(CH3)3+, and (d)
RDX-Si(CH3)3* adducts. Structural parameters for each of these species are shown in

Tables 4A-7A in the appendix to this chapter.
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The lowest energy dimer adduct had a planar four-membered ring with the nitro groups
oriented in a trans fashion with respect to the plane of the ring, and the monomer adduct
was found to have a planar geometry. The Si(CH3)3* ion had a trigonal planar

geometry.

These calculations predict that AHf 298(RDX-Si(CH3)3%,g) = +149.1 kcal mol-1,
AH’¢ 29g(dimer-Si(CH3)3%,g) = +142.7 kcal mol-1, AH’29g(monomer-Si(CH3)3+%,g) =
+134.0 keal mol-1 and AH’f293(Si(CH3)3t,g) = +141.3 kcal mol-1. These heats of
formation, in conjunction with the semi-empirical heats of formation of RDX and its
fragments from the previous section, allow us to determine D"9g of the silicon-oxygen
bonds in RDX-Si(CH3)3* and its dimer and monomer adducts to be 34.2, 31.8 and 34.7
kcal mol-l, respectively.43 These bond energies are in good agreement with the average
Si*-O single bond energy of approximately 40 kcal mol-1 experimentally observed in
other studies.23:44 Still, it appears that the PM3 method has underestimated the silicon-
oxygen bond energies by approximately 5 kcal mol-l. The larger 8 kcal mol-1
underestimate of the silicon-oxygen bond strength in the dimer adduct is probably the
result of the inaccurate predictions at the PM3 level of AH't29g(dimer-Si(CH3)37%,g) and
AH’fp9g(dimer,g).
Discussion

Formation of Si(CH3)3*_Adducts with Nitrobenzene, TNT and RDX. In order to

test our hypothesis that Si(CH3)3* will react with compounds containing nitro groups we
first observed the reaction between Si(CH3)3t and nitrobenzene. Only reaction 1 was
observed to occur, as shown in Figure 3. Although this reaction has been reported
previously,23 no supporting data was shown and no kinetic analysis performed. This
process is fast and efficient at room temperature and fragmentation of the adduct was not
seen. We postulate that the adduct exists as structure III, for the following reasons.
First, Si has a higher affinity for oxygen than for carbon, nitrogen or hydrogen. In

addition, the oxygen atoms of a nitro group possess large partial negative charges.
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Therefore the oxygens of a nitro group should exhibit nucleophilic behavior and strongly

interact with the Si(CH3)3* ion. Such adduct formation with oxygen containing

Si(CH3);

O
O

111
compounds has previously been observed.22-24 Finally, in order for Si(CH3)3+ to bond
to a carbon, nitrogen or hydrogen atom in nitrobenzene, a bond somewhere in the
molecule must first be broken. Thus it is likely that energetic barriers prevent Si(CH3)3*
from attacking carbon, nitrogen or hydrogen in nitrobenzene. But the oxygen atoms on
the nitro group have unshared electron pairs that Si(CH3)3* can attack without breaking
bonds already present, so there should be little or no barrier to bond formation at an
oxygen atom. From the preceding discussion we conclude that III is the only reasonable
structure for the C¢HsNO;Si(CH3)3* adduct.

Since Si(CHj3)3t readily reacted with nitrobenzene as hypothesized, we next
observed the reactions of TNT and RDX with Si(CH3)3* in order to investigate if
Si(CH3)3* would be a suitable chemical ionization reagent for use in the detection and
identification of explosives by mass spectrometry. Reactions 2 and 3 were observed
with TNT, and typical results are shown in Figure 5. Much fragmentation is observed,
but a significant amount of the TNT-Si(CH3)3* adduct is seen. As with nitrobenzene,
the reaction of TNT with Si(CH3)3* occurs quickly and efficiently. When RDX was
reacted with Si(CH3)3*, reactions 5-7 were observed, as shown in Figure 7. A small
amount of fragmentation is observed, but the major product is the RDX-Si(CHz3)3*

adduct. We were unfortunately unable to directly measure the RDX pressure in the cell,
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but the reaction of Si(CH3)3*+ with RDX occurs on a similar time scale as the reaction of
TNT with Si(CH3)3+. This indicates that the reaction of RDX with Si(CH3)3* is also
fast and efficient. Rough estimates of the pressure of RDX in the cell allowed us to
estimate the rate constant and efficiency of the reaction of RDX with Si(CH3)3*, and the
estimated rate constant is about the same as the rate constant for TNT reacting with
Si(CH3)3t.

Fragmentation Processes of TNT-Si(CH3)3*_and RDX-Si(CH3)3*. The

formation of both the TNT-Si(CH3)3t and the RDX-Si(CHj3)3* adducts were
accompanied by fragmentation. Loss of NO from the TNT-Si(CH3)3* adduct was
observed, while for the RDX-Si(CH3)3* adduct, comparison of the chemical formulae in
reactions 5-7 with structure I show that these fragments are formed by the loss of either
one or two of the CHoNNO> units which constitute the RDX molecule. To further
investigate the observed fragmentation patterns, SORI-CID was performed on the TNT-
Si(CH3)3* and RDX-Si(CH3)3t adducts. As Figures 6 and 8 show, we observe the same
fragmentation pattern with CID as we saw during adduct formation for both TNT-
Si(CH3)3*+ and RDX-Si(CH3)3t. This suggests that the fragmentation seen during
adduct formation is not a result of Si(CH3)3* reacting with the gaseous fragments from
the thermal decomposition of TNT or RDX. Rather, Si(CH3)3* initially forms an adduct
with TNT or RDX, which then unimolecularly decomposes to yield the characteristic
fragments of each adduct. Apparently each adduct has enough excess vibrational energy
from the explosive molecule and Si(CH3)3* for dissociation to be observed, even
without excitation by CID. Since this characteristic fragmentation can be observed
during adduct formation or induced by CID of each adduct, it seems that this reactivity
can be used as a "fingerprint" for the detection and identification of TNT and RDX
vapor. The large amount of TNT-Si(CH3)3* or RDX-Si(CH3)3* adduct observed, in

conjunction with the simple, uniform fragmentation pattern of the parent adduct,
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produces an easily recognizable signature for the TNT or RDX molecule and facilitates

the interpretation of the mass spectrum.

Implications of Observed Fragmentation Patterns. The observed fragmentation

also provides us with information about the low energy dissociation pathways of TNT
and RDX, where the Si(CH3)3* ion acts as a charged label which facilitates the detection
of products. These products of the low energy dissociation pathways can suggest
mechanisms for the initial steps involved in the decomposition of these explosives. For
TNT, loss of NO was the only fragmentation process observed. Loss of NO has been
previously observed,57-9 and the present results suggest that this is the lowest energy
decomposition pathway for gas-phase TNT.

With RDX, the only fragmentation we saw corresponded to the loss of
CH,NNO; units from the adduct, suggesting that C-N bond cleavage in RDX is the
lowest energy decomposition pathway in the gas phase. The CHoNNO; fragment has
been observed in many previous studies,!3-15.17-19,45,46 both as the protonated and
unprotonated fragment or as an adduct with other chemical ionization reagents. In
particular, Zitrin observed large amounts of (CH2NNO)H* and (CHpNNO,)H* from
the chemical ionization of RDX with methane.!3 However, Zhao et al. have performed
infrared multiphoton dissociation (IRMPD) studies of RDX to determine the gas-phase
decomposition pathway,47 and they observed both N-N bond cleavage with loss of an
NOj group from RDX and C-N bond cleavage to form CH;NNO; fragments, with a
branching ratio of 2:1 for C-N bond cleavage versus N-N bond cleavage. They did not
see the formation of (CH2NNO»); fragments, which led them to propose that the ring
cleavage is a concerted process where the three C-N bond cleavages occur
simultaneously. In contrast to this, we observe the formation of both
CH,NNO2Si(CH3)3+ and (CH2NNO2)2Si(CH3)3t adducts, indicating that the C-N bond
cleavages need not be simultaneous. Also, we saw no evidence for N-N bond cleavage

in our CID experiments. It is possible that the IRMPD experiments imparted enough
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energy to the molecules to induce fragmentation by additional, higher energy pathways,
whereas in our CID experiments only the lowest energy decomposition pathway was
accessed. This interpretation is supported by the work of Sewell and Thompson,48 who
investigated the unimolecular decomposition of RDX with classical trajectory
calculations. They calculated the height of the barrier to C-N bond dissociation and
found it to be about 10 kcal mol-1 less than the barrier to N-N bond dissociation. With
their derived potential energy surfaces they found that they could reproduce the
experimental results of Zhao et al.47 in their calculations.

We can explore this further by constructing reaction coordinate diagrams for the
decomposition of RDX in the gas phase, both with and without bonding to the
Si(CH3)3* ion. These diagrams are shown in Figure 11. The reaction coordinate is
shown for the case where RDX and its fragments are not bound to Si(CH3)3* (the upper
curve) and the case where Si(CH3)3t has formed an adduct with RDX and its fragments
(the lower curve). Adduct formation lowers the enthalpy of each of the species by the
D’y9g of each species with Si(CH3)3*. The enthalpy differences shown in Figure 11 are
derived from the relative energies of the various species that we have theoretically
calculated. Some of these values can also be calculated from other known and estimated
heats of formation and act as a check on our calculated values. From AH" f,298(RDX,S)49
and AHgp(RDX),50 we find that AH’f 29g(RDX,g) = +47.0 kcal mol-1.48 The heat of
formation of gaseous CH;NNO> has also been estimated: Shaw and Walker report
AH’§293(CHoNNO,,g) = 23.8 kcal mol-1,5! while Melius and Binkley report
AH’£293(CHoNNO3,g) = 33.6 kcal mol-1.52 However, both Zhao et al.47 and Sewell and
Thompson48 have noted that AH’f29g(CHoNNO,,g) = 33.6 kcal mol-! seems
unreasonably high. From these values the enthalpy of reaction 10 can be calculated to be
anywhere from 24.4 kcal mol-! to 53.8 kcal mol'l. The average of these two values,

39.1 kcal mol-1, is close to our ab initio value for AHjq of 37.6 kcal mol-1. Thus our
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Figure 11. Reaction coordinate diagrams for the decomposition of RDX. The lower
curve shows the decomposition pathway observed in this study for the RDX-Si(CHz3)3*
adduct. The upper curve shows the decomposition pathway for RDX when not bound to
the Si(CH3)3* ion (the Si(CH3)3* ion is only shown explicitly in the first entry of the
upper curve). Adduct formation lowers the enthalpy of each species by the D"p9g of
each species with Si(CH3)3*. Notice that the overall energy required to go from RDX to
three CHoNNO; units is 37.6 kcal mol-!, close to the value of 38.3 kcal mol-! calculated
by Sewell and Thompson (see reference 48) for the barrier to concerted decomposition

of RDX.
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calculated ab initio enthalpies for reactions 10-12 appear to be as accurate as the
currently known thermochemistry.

If we compare the endothermicity of reaction 10 to the estimated N-N bond
energy in RDX of 47.8 kcal mol-1,52 we see that it is approximately 10 kcal mol-1 more
favorable to cleave C-N bonds and form CHpNNO; fragments than to cleave N-N bonds
and lose NO7 from RDX. This is true regardless of whether we start with RDX or with
the RDX-Si(CH3)3+ adduct. Sewell and Thompson#8 have calculated that the barrier to
decomposition by reaction 10, assuming that all 3 C-N bonds cleave simultaneously, is
38.3 kcal mol-1, which is lower than the energy required to cleave a N-N bond in RDX
(and close to our calculated enthalpy for reaction 10 of 37.6 kcal mol-1). Our results
indicate that the C-N bonds need not cleave simultaneously, so it is not even necessary
to complete reaction 10 in one step; the required 37.6 kcal mol-! need not be
accumulated at once, but can be provided sequentially in smaller amounts. Thus under
CID conditions we would expect to see exactly the kind of sequential fragmentation we
actually observed. These considerations suggest that loss of CHoNNO; fragments is the
lowest energy decomposition pathway, in agreement with our CID results, and that the
N-N bond cleavage seen by Zhao et al.#” with IRMPD occurred when enough energy
was imparted to the RDX molecules to access higher energy decomposition pathways.

The thermochemistry presented in Figure 11 also agrees with Zitrin's
observations!3 of the chemical ionization of RDX with methane. The proton affinity of
methane is 131.6 kcal mol-1,42 and if we assume that RDX has a proton affinity similar
to nitrobenzene's (193.4 kcal mol-1),42 we calculate that the proton transfer in reaction
13 is exothermic by about 60 kcal mol-l. Our thermochemical calculations suggest that

CHs* + RDX — CH4 + (RDX)H* (13)
60 kcal mol-! should easily provide the chemical activation required to form the
(CHaNNO)H* and (CH2NNO),H* fragment ions, and such behavior was in fact

observed.13
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We should mention that Figure 11 does not show the possible
CH)NNO;Si(CH3)3t + (CHpNNO3z), fragmentation products, even though these
fragments are more stable than the (CH2NNO3);Si(CH3)3t + CH2NNO; fragments by
2.9 kcal mol-! (the difference between the silicon-oxygen bond strengths in
CH,NNO32Si(CH3)3* and (CHaNNO»),Si(CH3)3* at the PM3 level). This would imply
that the CHpNNO;,Si(CH3)3* produced should be accompanied by (CHpoNNO3); rather
than 2CHpNNO;. However, CID of the RDX-Si(CH3)3* adduct produced more
(CH2NNO3)7Si(CH3)3t than CHpNNO,Si(CH3)3t for average collision energies as high
as 2.5 eV in the center-of-mass frame of reference. Furthermore the relative amount of
CH,;NNO;Si(CH3)st formed increased as the collision energy was increased. If the
formation of CHpyNNO,Si(CHj3)3t was z_lccompanied by (CH2NNO»), as expected, we
should have seen more CH;NNO;Si(CH3)3* than (CHaNNO3)2Si(CH3)3t at any
collision energy and the relative amount of CHoNNO7Si(CH3)3* formed should have
decreased as the collision energy was increased. Therefore it seems that the production
of CHoNNO;,Si(CH3)3* is accompanied by 2CH,NNO», as shown in Figure 11. But it
is hard to rationalize why the apparently more favorable production of
CH7NNOSi(CH3)3+ accompanied by (CH;NNO»p), is not seen. The probable
explanation for this behavior is that the silicon-oxygen bond strength for
(CH,2NNO3»)2Si(CH3)3t calculated at the PM3 level is too low. If the actual silicon-
oxygen bond strength for (CHpNNO3)2Si(CH3)3* is 2 or 3 kcal mol-! higher than the
silicon-oxygen bond strength in CHoNNO,Si(CH3)3+, then we would expect the CID
behavior that we actually observed, where the production of CHyNNO,Si(CH3)3% is
accompanied by both (CH2NNO»); and 2CHaNNO».

Comparison of Gas-Phase and Condensed-Phase Fragmentation Pathways for
RDX. It is also of interest to compare the decomposition pathway we observe to those
seen in condensed-phase RDX. Work by Behrens and Bulusu using simultaneous

thermogravimetric modulated beam mass spectrometry has shown that the
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decomposition of RDX in the condensed phase is usually initiated by the cleavage of the
N-N bond and loss of NO;. Furthermore, although later formation of N2O and CH;O is
attributed to the decomposition of CHNNO; fragments, only 10% or less of the
reactivity follows that pathway.53:54 Botcher and Wight33.56 have also observed the
decomposition of RDX using transient thin film laser pyrolysis, which has the advantage
of being able to detect the initial products of thermal decomposition under realistic
combustion conditions. They found that N-N bond cleavage is the dominant initial step
in the solid-phase decomposition of RDX, but subsequent decomposition takes place at
least partly in the gas phase. However, both groups®3-36 note that though the
decomposition pathways observed in the condensed phase differ drastically from those
observed in the gas phase, the experimental conditions are drastically different as well.
Thus, even though our observed decomposition pathways differ from those observed in
condensed-phase studies, this is not unexpected. We should also note that though the
decomposition pathways we observed may not be the initial step in the decomposition of
condensed-phase RDX, both Behrens et al.53:54 and Botcher et al.>5:56 concluded that
many subsequent steps in the decomposition occur in the gas phase, and our present
results indicate that loss of CHoNNO; fragments from RDX is the lowest energy
decomposition pathway for RDX under such conditions.
Conclusions

We have used FT-ICR mass spectrometry to investigate the reactivity of
trimethylsilyl cations with compounds containing nitro groups. Our hypothesis that
Si(CH3)3* ions will form adducts by bonding to an oxygen atom of the nitro group has
been demonstrated to be correct. These reactions are shown to be fast and efficient.
Examination of the reactions of TNT and RDX with Si(CH3)3* indicate that the
Si(CH3)3* ion may prove to be a useful chemical ionization reagent for the detection and
identification of TNT, RDX and other explosive molecules which contain nitro groups.

CID experiments on the isolated RDX-Si(CH3)3* adduct have identified the lowest
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energy decomposition pathway for this adduct in the gas phase, and these results are
consistent with previous gas-phase findings.13-1517-1945-48  The gas-phase
decomposition pathway we observe is different from those seen in the decomposition of
condensed-phase RDX, but this is expected since the experimental conditions are
drastically different in each case.

We should note that although this work was performed using FT-ICR mass
spectrometry, these methods could be applied with other kinds of mass spectrometers as
well. In particular, portable ion trap mass spectrometers could be used to detect
explosives via chemical ionization with the trimethylsilyl cation. McLuckey and co-
workers have already shown that atmospheric sampling glow discharge ionization can be
successfully coupled with an ion trap mass spectrometer and have investigated the
application of this coupled methodology to the detection of explosives.57 Their
methodology could possibly be modified to allow for the formation and use of
trimethylsilyl cations as a chemical jonization reagent in the glow discharge source. It
should also be possible to interface a chromatographic method with an ion trap mass
spectrometer. Chromatography would be used to remove interferences while the ion trap
detects the products from the chemical ionization of any explosives present with
trimethylsilyl cation.
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Appendix

The structural parameters obtained from the geometry optimizations of the
lowest energy conformations of CHpNNO;, (CHpNNO3z);, RDX, Si(CHs)st,
CH,NNO»-Si(CH3)3%, (CHpNNO2)2-Si(CH3)3* and RDX-Si(CH3)3* are given in the

following Tables 1A-7A, respectively.
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Table 1A. HF-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of CHoNNOa».

Bond Length
NI1-N2 1.4227
NI1-C5 1.2549
N2-03 1.1789
N2-O4 1.1939
C5-Hé6 1.0751
C5-H7 1.0757
Bond Angle
C5-N1-N2 113.88
0O3-N2-N1 113.52
04-N2-N1 120.13
04-N2-03 126.34
H6-C5-N1 116.25
H7-C5-N1 123.66
H7-C5-H6 120.08

Torsional Angle

N2-N1-C5-H6 180.00
N2-N1-C5-H7 0.00
03-N2-N1-C5 180.00

04-N2-N1-C5 0.00
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Table 2A. HF-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy
Conformation of (CH;NNO»)).

Bond Length
CI-N3 1.4661
C1-N4 1.4663
Cl-H11 1.0784
Cl1-H12 1.0784
C2-N3 1.4661
C2-N4 1.4663
C2-H13 1.0784
C2-H14 1.0784
N3-N5 1.3546
N4-N6 1.3547
N5-0O7 1.1910
N5-08 1.1910
N6-09 1.1910

N6-010 1.1910



Table 2A. (Continued)

Bond Angle

N4-C1-N3 87.34
H11-C1-N3 114.33
H11-CI-N4 113.81
H12-C1-N3 113.82
H12-C1-N4 114.32
H12-C1-H11 111.35
N4-C2-N3 87.34
H13-C2-N3 114.33
H13-C2-N4 113.81
H14-C2-N3 113.82
H14-C2-N4 114.32
H14-C2-H13 111.35

259

Bond Angle
C2-N3-C1 92.66
N5-N3-C1 120.01
N5-N3-C2 120.01
C2-N4-C1 92.65
N6-N4-C1 119.97
N6-N4-C2 119.97
O7-N5-N3 116.40
O8-N5-N3 116.40
08-N5-07 - 127.16
09-N6-N4 116.39
010-N6-N4 116.39
010-N6-09 127.17
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Table 2A. (Continued)

Torsional Angle Torsional Angle

C1-N3-C2-N4 0.02 C2-N4-C1-H11 -115.46
C1-N3-C2-H13 -114.97 C2-N4-Cl1-H12 115.03
C1-N3-C2-H14 115.51 C2-N4-N6-09 34.51
C1-N3-N5-07 147.78 C2-N4-N6-010 -147.72
CI1-N3-N5-08 -34.47 N3-C1-N4-N6 -127.13
C1-N4-C2-N3 -0.02 N3-C2-N4-N6 127.13
C1-N4-C2-H13 115.46 N4-C1-N3-N5 -127.26
C1-N4-C2-H14 -115.03 N4-C2-N3-N5 127.26
C1-N4-N6-09 147.72 N5-N3-C1-H11 -12.27

C1-N4-N6-010 -34.51 N5-N3-C1-H12 117.25
C2-N3-C1-N4 -0.02 N5-N3-C2-H13 12.27
C2-N3-C1-Hl11 114.97 N5-N3-C2-H14 -117.25
C2-N3-Cl1-H12 -115.51 N6-N4-C1-Hl11 117.38
C2-N3-N5-07 34.47 N6-N4-C1-H12 -12.13

C2-N3-N5-08 -147.78 N6-N4-C2-H13 -117.38

C2-N4-C1-N3 0.02 N6-N4-C2-H14 12.13
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Table 3A. HF-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of RDX.

Bond Length

CI1-N4 1.4651
CI-N5 1.4420
Cl1-H16 1.0857
CI1-H17 1.0691
C2-N5 1.4520
C2-N6 1.4520
C2-H18 ‘ 1.0808
C2-H19 1.0702
C3-N4 1.4651
C3-N6 1.4420
C3-H20 1.0857
C3-H21 1.0691
N4-N7 1.3613
N5-N8 1.3755
N6-N9 1.3755
N7-010 1.9194
N7-O11 1.1914
N8-O12 1.1888
N8-0O13 1.1878
N9-O14 1.1888

N9-0O15 1.1878
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Table 3A. (Continued)

Bond Angle Bond Angle

N5-C1-N4 108.59 C3-N4-C1 115.31
H16-C1-N4 110.44 N7-N4-C1 115.29
H16-C1-N5 107.31 N7-N4-C3 115.29
H17-C1-N4 110.02 C2-N5-C1 115.46
H17-C1-N5 110.57 N8-N5-C1 117.43
H17-C1-H16 109.89 N8-N5-C2 117.87
N6-C2-N5 111.38 C3-N6-C2 115.46
H18-C2-N5 106.82 N9-N6-C2 117.87
HI18-C2-N6 106.82 N9-N6-C3 117.43
H19-C2-N5 110.80 010-N7-N4 117.02
HI19-C2-N6 110.80 O11-N7-N4 117.02
HI19-C2-H18 110.07 O11-N7-010 125.96
N6-C3-N4 108.59 O12-N8-N5 117.13
H20-C3-N4 110.44 O13-N8-N5 116.58
H20-C3-N6 107.31 0O13-N8-0O12 126.20
H21-C3-N4 110.02 0O14-N9-N6 117.13
H21-C3-N6 110.57 O15-N9-N6 116.58

H21-C3-H20 109.89 015-N9-0O14 126.20
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Table 3A. (Continued)

Torsional Angle Torsional Angle

C1-N4-C3-N6 54.29 C3-N4-N7-0O11 21.34
C1-N4-C3-H20 -63.12 C3-N6-C2-N5 49.82
C1-N4-C3-H21 175.43 C3-N6-C2-H18 -66.47
C1-N4-N7-010 -21.34 C3-N6-C2-H19 173.64
C1-N4-N7-0O11 159.61 C3-N6-N9-0O14 15.38
C1-N5-C2-N6 -49.82 C3-N6-N9-015 -167.88
C1-N5-C2-H18 66.47 N4-C1-N5-N8 -94.86
C1-N5-C2-H19 -173.64 N4-C3-N6-N9 94.86
C1-N5-N8-012 -15.37 N5-C1-N4-N7 167.45
C1-N5-N8-0O13 167.88 N5-C2-N6-N9 -96.17
C2-N5-C1-N4 51.28 N6-C2-N5-N8 96.17
C2-N5-C1-Hl16 -68.12 N6-C3-N4-N7 -167.45
C2-N5-C1-H17 172.07 N7-N4-C1-H16 -75.14
C2-N5-N8-012 -160.69 N7-N4-C1-H17 46.32
C2-N5-N8-0O13 22.57 N7-N4-C3-H20 75.14
C2-N6-C3-N4 -51.28 N7-N4-C3-H21 -46.32
C2-N6-C3-H20 68.12 N8-N5-C1-H16 145.75
C2-N6-C3-H21 -172.07 N8-N5-C1-H17 25.93
C2-N6-N9-014 160.69 N8-N5-C2-H18 -147.54
C2-N6-N9-015 -22.57 N8-N5-C2-H19 -27.65
C3-N4-C1-N5 -54.28 N9-N6-C2-H18 147.54
C3-N4-C1-H16 63.12 N9-N6-C2-H19 27.66
C3-N4-C1-H17 -175.42 N9-N6-C3-H20 -145.74

C3-N4-N7-010 -159.61 N9-N6-C3-H21 -25.94
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Table 4A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of Si(CH3)3+.

Bond Length
Si1-C2 1.8001
Si1-C3 1.8002
Sil-C4 1.8003
C2-H5 1.1060
C2-H6 1.0989
C2-H7 1.0995
C3-H8 1.1057
C3-H9 1.0997
C3-H10 1.0989
C4-H11 1.1060
C4-H12 1.0989

C4-H13 1.0994



Table 4A. (Continued)
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Bond Angle
C2-Sil1-C3 120.02
C2-Sil-C4 119.99
C3-Sil-C4 119.96
Sil-C2-H5 110.11
Si1-C2-H6 113.61
Sil-C2-H7 113.41
H5-C2-H6 106.05
H5-C2-H7 105.91
H6-C2-H7 107.21
Sil-C3-H8 110.15
Sil-C3-H9 113.37
Si1-C3-H10 113.62
H8-C3-H9 105.90
H8-C3-H10 106.08
H9-C3-H10 107.19
Sil-C4-H11 110.21
Sil-C4-H12 113.58
Si1-C4-H13 113.37
H11-C4-H12 106.03
H11-C4-H13 105.90
H12-C4-H13 107.21
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Table 5A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy
Conformation of CHoNNO,-Si(CH3)3.

Bond Length
C1-H2 1.0924
C1-H3 1.0947
CI1-N4 1.2970
N4-N5 1.4198
N5-06 1.2670
N5-07 1.1932
06-Si8 1.7820
Si8-C9 1.8597
Si8-C10 1.8602
Si8-Cl11 1.8602
C9-H12 1.0990
C9-H13 1.0953
C9-H14 1.0953
C10-H15 1.0998
C10-H16 1.0954
C10-H17 1.0950
C11-H18 1.0997
Cl11-H19 1.0953

C11-H20 1.0950



267

Table SA. (Continued)

Bond Angle Bond Angle
H2-C1-H3 118.50 Si8-C9-H14 112.60
H2-C1-N4 114.33 H12-C9-H13 107.29
H3-C1-N4 127.17 H12-C9-H14 107.29
C1-N4-N5 125.95 H13-C9-H14 107.60
N4-N5-06 112.47 Si8-C10-H15 109.05
N4-N5-07 125.03 Si8-C10-H16 112.80
06-N5-07 122.50 Si8-C10-H17 113.24
N5-06-Si8 13234 H15-C10-H16 106.71
06-Si8-C9 97.58 H15-C10-H17 106.79
06-Si8-C10 107.30 H16-C10-H17 107.88
06-Si8-Cl11 107.30 Si8-C11-H18 109.05
C9-Si8-C10 114.40 Si8-C11-H19 112.80
C9-Si8-Cl11 114.40 Si8-C11-H20 113.23
C10-Si8-C11 114.00 H18-C11-H19 106.72
Si8-C9-H12 109.20 H18-C11-H20 106.79

Si8-C9-H13 112.60 HI19-C11-H20 107.88
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Table 6A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy
Conformation of (CH;NNQO»,);2-Si(CH3)3*.

Bond Length
C1-N2 1.5314
CI-N4 1.4961
CI1-H5 1.1083
C1-H6 1.1080
N2-C3 1.5299
N2-N9 1.3617
C3-N4 1.4957
C3-H7 1.1083
C3-H8 1.1075
N4-N10 1.5760
N9-013 1.1946
N9-O14 1.2898
N10-011 1.1903
N10-0O12 1.1908
014-Si15 1.7792
Si15-C16 1.8639
Si15-C17 1.8604
Si15-C18 1.8609
C16-H19 1.0988
C16-H20 1.0950
C16-H21 1.0947
C17-H22 1.0995

C17-H23 1.0952
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Table 6A. (Continued)

Bond Length

C17-H24 1.0951

C18-H25 1.0993

C18-H26 1.0951

C18-H27 1.0950
Bond Angle Bond Angle
C1-N2-C3 92.94 014-Si15-C16 97.01
N2-C1-N4 85.60 014-Si15-C17 107.96
C1-N4-C3 95.78 C16-Sil5-C17 114.11
N2-C3-N4 85.67 014-Si15-C18 107.96
N2-C1-H5 113.08 C16-Si15-C18 114.09
N4-C1-H5 117.68 Cl17-Si15-C18 114.11
N2-C1-H6 115.75 Si15-C16-H19 109.15
N4-C1-H6 113.47 Si15-C16-H20 112.65
H5-C1-H6 109.69 H19-C16-H20 107.18
N2-C3-H7 112.97 Si15-C16-H21 112.47
N4-C3-H7 117.63 H19-Cl16-H21 107.38
N2-C3-H8 115.83 H20-C16-H21 107.75
N4-C3-H8 113.42 Sil5-C17-H22 109.15
H7-C3-H8 109.75 Si15-C17-H23 112.70
CI-N2-N9 126.98 H22-C17-H23 106.81
C3-N2-N9 128.03 Sil5-C17-H24 113.08
C1-N4-N10 122.50 H22-C17-H24 106.87

C3-N4-N10 122.29 H23-C17-H24 107.89



Table 6A. (Continued)

Bond Angle
N4-N10-0O11 113.40
N4-N10-O12 113.19
O11-N10-0O12 133.40
N2-N9-013 122.71
N2-N9-O14 114.68
013-N9-0O14 122.53
N9-014-Si15 130.26
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Bond Angle

Si15-C18-H25
Si15-C18-H26
H25-C18-H26
Si15-C18-H27
H25-C18-H27
H26-C18-H27

109.10
113.01
106.89
112.85
106.80
107.84
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Table 7A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy
Conformation of RDX-Si(CH3)3t.

Bond Length
C1-N2 1.5237
CI1-N6 1.4775
C1-H7 1.1125
CI-H8 1.1127
N2-C3 1.5191
N2-N13 1.3941
C3-N4 1.4806
C3-H9 1.1127
C3-H10 1.1122
N4-C5 1.4956
N4-N14 1.5754
C5-N6 1.4526
C5-H11 1.1135
C5-H12 1.1107
N6-N15 1.5922
N13-016 1.1941
N13-017 1.2897
N14-0O18 1.1945
N14-019 1.1898
N15-020 1.1888
N15-021 1.1914
017-Si22 1.7788

Si22-C23 1.8645
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Table 7A. (Continued)

Bond Length

Si22-C24 1.8628

Si22-C25 1.8618

C23-H26 1.0986

C23-H27 1.0948

C23-H28 1.0951

C24-H29 1.0991

C24-H30 1.0950

C24-H31 1.0948

C25-H32 1.0991

C25-H33 1.0950

C25-H34 1.0950
Bond Angle Bond Angle
C1-N2-C3 111.06 N4-N14-019 115.04
N2-C3-N4 106.48 0O18-N14-019 131.66
C3-N4-C5 113.07 N6-N15-020 114.31
N2-C1-N6 106.20 N6-N15-021 113.25
CI1-N6-C5 113.10 020-N15-021 132.42
N4-C5-N6 104.28 N13-017-Si22 129.86
N2-C1-H7 105.19 017-8i22-C23 97.10
N6-C1-H7 113.34 017-Si22-C24 108.13
N2-C1-H8 111.83 C23-Si22-C24 113.98
N6-C1-H8 112.36 017-8i22-C25 107.86

H7-C1-H8 107.75 C23-Si22-C25 114.14



Table 7A. (Continued)

Bond Angle
N2-C3-H9 105.07
N4-C3-H9 113.09
N2-C3-H10 111.97
N4-C3-H10 112.32
H9-C3-H10 107.73
N4-C5-H11 111.50
N6-C5-H11 111.58
N4-C5-H12 110.45
N6-C5-H12 110.61
H11-C5-H12 108.41
C1-N2-N13 118.62
C3-N2-N13 120.46
C3-N4-N14 119.27
C5-N4-N14 119.81
C1-N6-N15 119.73
C5-N6-N15 119.85
N2-N13-016 122.94
N2-N13-017 116.55
016-N13-017 120.27
N4-N14-0O18 113.27
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Bond Angle

C24-Si22-C25
Si22-C23-H26
Si22-C23-H27
H26-C23-H27
Si22-C23-H28
H26-C23-H28
H27-C23-H28
Si22-C24-H29
Si22-C24-H30
H29-C24-H30
Si22-C24-H31
H29-C24-H31
H30-C24-H31
Si22-C25-H32
Si22-C25-H33
H32-C25-H33
Si22-C25-H34
H32-C25-H34
H33-C25-H34

113.91
109.14
112.53
107.36
112.54
107.31
107.69
109.18
112.71
106.88
112.98
106.89
107.87
109.15
113.03
106.89
112.68
106.90
107.85
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Abstract

Fourier transform ion cyclotron resonance mass spectrometry has been used to
examine the reactions of Si(CH3)3* with EGDN and PETN. The reactions of Si(CH3)3*
with PETN and EGDN were also examined in a magnetic sector mass spectrometer. No
adduct formation was observed with either EGDN or PETN in the Fourier transform ion
cyclotron resonance mass spectrometer, but characteristic fragment ions are seen. Both
EGDN and PETN form adducts with Si(CH3)3* in the sector mass spectrometer. The
bimolecular rate constant for the reaction of Si(CH3)3t with EGDN is measured to be
0.91x10-10 cm3s-Imolecule-!, and the bimolecular rate constant for the reaction of
Si(CH3)3* with PETN is estimated to be 8x10-10 cm3s-Imolecule-1. Collision induced
dissociation experiments were performed on the major fragment ion products to
characterize the observed fragmentation patterns. The fragment ions observed in both
cases are characteristic of each explosive and could be useful in the analytical detection
and identification of EGDN and especially PETN. Reaction coordinate diagrams for the
reactions of EGDN and PETN with Si(CHj3)3t are derived (from known
thermochemistry and semi-empirical calculations on the involved speéies). The
reactivity of nitro and nitrate ester explosives with Si(CH3)st is compared and reasons
for their different chemical behavior are discussed.
Introduction

In previous work,! we have found that both 1,3,5-trinitro-1,3,5-triazacyclohexane

(RDX, I) and 2,4,6-trinitrotoluene (TNT, II) react efficiently with Si(CH3)3* to form

N02 CH3
N O,N NO,
Hzc/ \c.l‘.H2
N N
ON“""Nef,  NO,
NO,

I II
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strongly bound adducts, as indicated in reactions 1 and 4. Fragmentation of these

adducts was also observed (reactions 2, 3 and 5), and collision induced dissociation

» RDX-Si(CH3)3* (1)
RDX + Si(CH3)3* > (CHoNNO;)2-Si(CH3)3+ + CHoNNO, ()
» CHaNNO;-Si(CH3)3+ + 2CH,NNO; (3)
> TNT-Si(CH3)3+ “4)
TNT + Si(CH3)3+
» C7H5N»05-Si(CH3)3* + NO (5)

(CID) of the stable adducts produced the same fragmentation patterns that were observed
during adduct formation. This reactivity was attributed to the high affinity of Si for
oxygen and the attraction of the Si(CH3)3* ion to the formal negative charge of oxygen
in a nitro group. These results also suggested that reactions of this type could prove
useful in a detection scheme for common explosives using mass spectrometry.

Both RDX and TNT are nitro explosives: they contain -NO groups, where the
nitro group is connected to another nitrogen or carbon. Another major class of
explosives is the nitrate esters, which contain the -ONO> group connected to a carbon
atom. Two representative members of this class are ethylene glycol dinitrate (EGDN,

IIT) and pentaerythritol tetranitrate (PETN, IV). PETN is of considerable interest, since

CH,ONO,
CH,—CH,
0,NOCHs—C—CH,ONO,
ONO, ONO,
CH,ONO,
111 v

it can be used in sheet form or mixed with RDX to make SEMTEX,? a plastic explosive.
Since our previous work with RDX and TNT suggested that Si(CH3)3* could be a useful

chemical ionization reagent for the mass spectrometric detection of nitro explosives, it is
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possible that Si(CH3)3* could similarly be used to identify nitrate esters. We report here
an investigation of the reactivity of EGDN and PETN with Si(CH3)3*, both to examine
the usefulness of Si(CH3)3* as a chemical ionization reagent for the detection of nitrate
esters in the gas phase and to allow us to compare the behavior of nitro and nitrate ester

explosives with Si(CH3)3t.

Experimental

Overview. Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry is a well-established technique and its experimental aspects have been
discussed previously in the literature.3 Only details relevant to this experiment are
presented here. A 1-in. cubic trapping cell is located between the poles of a Varian 15-
in. electromagnet maintained at a field of 2.0 T. Data were collected with an IonSpec
Omega/386 FT-ICR data system and associated electronics. Tetramethylsilane (TMS),
Si(CH3)4, and EGDN were introduced into the cell from vacuum inlet lines by separate
leak valves, and their pressures were measured with a Schultz-Phelps (SP) ion gauge
calibrated against an MKS 390 HA-00001SP05 capacitance manometer. PETN was
introduced to the ICR cell with a previously described solid sample probe.! A 0.1
mg/mL solution of PETN in methanol was injected into a 1.5 mm O.D. glass capillary
tube and the solvent evaporated. The sample was then introduced to the ICR cell.
Generation of PETN vapor required heating the sample tube to approximately 80 °C,
significantly below the melting point (142 °C)4 and decomposition point (155 °C)3 of
PETN. We were unable to produce enough PETN vapor to calibrate the SP jon gauge
against the capacitance manometer. However, assuming that the SP gauge exhibits
similar sensitivities to EGDN and PETN provided an estimate of the pressure of PETN.

Uncertainties in the absolute pressure limited rate constants to an accuracy of
*20% (£30% for PETN). TMS (99.9% pure) was obtained commercially from Aldrich.

PETN was obtained commercially from AccuStandard Inc. EGDN was synthesized by
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the nitration of ethylene glycol.6 TMS and EGDN were both further purified by freeze-
pump-thaw cycling.

Trimethylsilyl cation was generated by electron impact of TMS at a partjal
pressure of about (9-10)x10-8 Torr. We found that a nominal electron energy of 22 eV
was the most favorable energy for the formation of Si(CH3)3* ions. We then introduced
either EGDN at pressures in the range of (3-6)x10-7 Torr or PETN at estimated pressures
in the range of (2-3)x10-7 Torr. Si(CH3)3+ was isolated by ejecting unwanted ions from
the cell using frequency sweep excitation.” Subsequent reactions of either EGDN or
PETN with Si(CH3)3* were then observed. Rate constants were determined in a
straightforward manner, from slopes of semilog plots of the decay of reactant ion
abundance versus time and the pressure of the neutral reactant. For PETN an estimate of
its rate constant was calculated using its estimated pressure. The reported rate constants
are averages of several sets of experimental data taken at different pressures of the
neutral gases. The cell temperature is somewhat higher for the PETN experiments due
to the close proximity of the probe, operated at 80 °C. For the EGDN experiments the
cell was operated at ambient ternpefature.

Sector Mass Spectrometer Experiments. Several additional chemical ionization
experiments were performed on a VG/Fisons Prospec E magnetic sector mass
spectrometer of EBE geometry. 0.75 ug samples of EGDN in 1.5 mm O.D. metal
capillary tubes were prepared by injecting in each tube 1 uL of EGDN. The probe tip
was heated to = 80 °C to produce a burst of EGDN vapor. 1 g samples of PETN in 1.5
mm O.D. glass capillary tubes were prepared by injecting in each tube 10 uL of a 0.1
mg/mL solution of PETN in methanol. The solvent was then evaporated. PETN vapor
was produced by ramping the probe tip to 140 °C. TMS was present in the source region
at a pressure of 4x10-6 Torr. The pressure is higher in the chemical ionization region,
but we were unable to directly measure the pressure there. Si(CH3)3* was generated by

electron impact with 22 eV electrons and allowed to react with EGDN or PETN vapor in
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the chemical ionization region. Low resolution spectra were performed at 1000

resolution (n/Am). Accurate mass measurements were performed on selected ions by
voltage scanning at 7000-10,000 resolution.

Collision Induced Dissociation Experiments. CID experiments were performed
on major fragment ions in the FT-ICR mass spectrometer to characterize the observed
fragmentation patterns and determine if the fragment ions could serve as a "fingerprint"
for either explosive. We used sustained off-resonance irradiation (SORI)8 to achieve the
CID of the ions of interest. The collision energy for both EGDN and PETN fragments
was varied between 0 and 4 eV in the laboratory frame of reference. The TMS gas and
EGDN or PETN vapor present in the cell served as the collision gas.

Results

Reaction of Si(CH3)3+ with EGDN. Reactions 6-10 were observed when

> CoH4NO3t + (CH3)3SiONO; 6)
» CO2Si(CH3)3t + (Hz + NO + NOy + CH20)  (7)

EGDN + Si(CH3)3t ——> CH>CH7NO3,Si(CH3)3%* + O + NO3 (8)
» CHONO3,Si(CH3)3t* + CH20 + NO» 9)
» CoHoNO4Si(CH3z)3%* + Hy + NO» (10)

Si(CH3)3* reacted with EGDN (Figure 1). The compositions shown in reactions 7-10
are the only compositions consistent with the observed masses. The neutral products in
reaction 7 are shown is parentheses, indicating that the neutral products of this reaction
are uncertain. Figure 2 shows a time plot of the relative abundances of reactants and
products for a single experiment. For the reaction of Si(CH3)3t with EGDN the total
bimolecular rate constant k = 0.91x10-10 cm3s-Imolecule-! and the reaction efficiency
kl kLangevin =0.10.9-11

CID of EGDN Fragments. CID experiments were performed on the

CO2Si(CH3)3* ion since the formation of CO; as a fragment was unexpected. The only

ionic product seen from the CID of this fragment occurred at m/z 90 (see Figure 3). We
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Figure 1a. Isolation of the Si(CH3)3* ion at = 0 ms.

Figure 1b. Spectrum of the products of the reaction of Si(CH3)3* with EGDN at ¢ =

1200 ms. The pressure of EGDN in the cell is 3.7x10-7 Torr.

Figure 1c. Spectrum of the products of the reaction of Si(CH3)3* with EGDN at ¢ =

3000 ms.
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Figure 2. Semilog time plot of the products of the reaction of Si(CH3)3+ with EGDN.
The number in parentheses by each formula is the m/z value of each ion. The spectra in

Figure 1 were taken from this time plot.
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Figure 3a. Isolation of the CO,Si(CH3)3* ion at m/z 117 at t = 0 ms, after the Si(CH3)3+

ion has had 1000 ms to react with EGDN.

Figure 3b. CID spectrum of the CO2Si(CH3)3* ion. The collision gas is a mixture of
EGDN and TMS is a 2:1 ratio. Ions were excited at a frequency approximately 2200 Hz
above the resonant frequency of the ion (approximately 1 m/z low) for 2000 ms. The
average collision energy was 1.5 eV for the CO,Si(CH3)3* ion in the center-of-mass

frame of reference.
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also attempted to react Si(CH3)3* with CO; in a separate experiment, but no adduct
formation was observed. These results suggest that CO;Si(CH3)3* is a fragment from
the reaction of Si(CH3)3* with EGDN and that subsequent collisions with EGDN in the
CID experiments displace CO;. The excited Si(CH3)3* ion then abstracts the nitrate
group from EGDN, which was also observed in the direct reaction of Si(CH3)3+ with

EGDN + CO;Si(CH3)3+ — CoH4NO3+ + Si(CH3)30NO; + CO, (11
EGDN. Reaction 11 shows the overall process that occurs when CID is performed on
CO5Si(CH3)3*.

Since the CoH4NO3* ion occurs at m/z 90, it could also have the formula
Si(CH3)30H**. However, the isotope pattern of the observed peak (see Figure 1) was
inconsistent with the presence of Si. Therefore we conclude that the ionic product of
reaction 10 has the composition CoH4NO3*.

Reaction of Si(CH3)3* with PETN in the FT-ICR Mass Spectrometer. Reactions

12-16 were observed when Si(CH3)3* reacted with PETN (see Figure 4). The

PETN —— CsHgN30g* + (CH3)3SiONO, (12)
+ ——— CHy0ONO3Si(CH3)3+ + *C(CH;0NO,)3 (13)
Si(CH3)3+ » CsHsNO4** + (CH3)38i0NO; + (NOy + HNO; + Ho0) (14)
> C4HgNO3* + (CH3)3SiONO; + (NO3 + NO3 + CHy0)  (15)

PETN + Si(CH3)3* + (H) — CsHgNO4** + (CH3)3SiONO; + (NO; + NO3)  (16)
compositions shown in reactions 12, 13, 15 and 16 are the only compositions consistent
with the observed masses, while the composition shown in reaction 14 is the only
reasonable composition consistent with its observed mass. The composition of the
CsHgNOg4** ion in reaction 16 implies that a hydrogen atom must be abstracted at some
point during the formation of CsHgNO4+* from a source within the ICR cell. The H
atom in reaction 16 is shown in parentheses, since we are unable to identify its source.
The neutral products in reactions 14-16 are also shown in parentheses, indicating that the

neutral products in these reactions are uncertain. Figure 5 shows a time plot of the
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Figure 4a. Isolation of the Si(CH3)3* ion at £ = 0 ms.

Figure 4b. Spectrum of the products of the reaction of Si(CH3)3+ with PETN at ¢ = 240
ms. The estimated pressure of PETN in the cell is (3£0.5)x10-7 Torr. The peaks marked

with asterisks are due to noise.

Figure 4c. Spectrum of the products of the reaction of Si(CH3)3* with PETN at ¢ = 600

ms. The peaks marked with asterisks are due to noise.
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Figure 5. Semilog time plot of the products of the reaction of Si(CH3)3* with PETN.
The number in parentheses by each formula is the m/z value of each ion. The spectra in

Figure 4 were taken from this time plot.
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relative abundances of reactants and products for a single experiment. The time plot
exhibited some pressure dependence: decreasing the pressure of PETN (from
approximately 3x10-7 Torr to approximately 1.5x10-7 Torr) would decrease the yield of
CsHgN309* and increase the amount of products from reactions 13-16. However, the
CsHgN3O9* ion was the major product at all pressures observed. For the reaction of
Si(CH3)3* with PETN the total bimolecular rate constant k is estimated to be 8x10-10
cm3s-!molecule-l. We estimate that the reaction efficiency klkLangevin = 0.6.9:11,12
CID of PETN Fragments. Reactions 17 and 18 were observed when the
» CsH5NOg** + (NO7 + HNO; + HyO (17)

CsHgN30gt ——

» C4HeNO3* + (NO3z + NO3 + CH,0) (18)
C5H8N3(')9+ ion at m/z 254 underwent CID (see Figure 6). The fragments observed from
CID of CsHgN3Og* were also seen as minor products in the direct reaction of PETN
with Si(CH3)st.

Reaction of Si(CH3)3*_with EGDN and PETN in the Magnetic Sector Mass

Spectrometer. When Si(CH3)3* was allowed to react with EGDN in the magnetic sector
mass spectrometer, the main products were CoH4NO3* from reaction 6 (70% of
products) and CO,Si(CH3)3* from reaction 7 (30% of products). Small amounts of
CH2CH,NO2(CH3)3** (reaction 8), EGDN-NO;t at m/z 198 (reaction 19) and EGDN-
EGDN + NO;* — EGDN-NO,+ (19)
Si(CH3)3* at m/z 225 (reaction 20) were also observed. We should note that large
EGDN + Si(CH3)3* — EGDN-Si(CH3)3* (20)
amounts of NO;* are observed in the sector instrument when the EGDN vapor is
subjected to electron impact and that the NOy* and EGDN-NO;t abundances are
coupled, supporting our assignment of the composition EGDN-NO»,* to the ion at m/z
198. A typical mass spectrum is shown in Figure 7. The CoH4NO3*, CO3Si(CH3)3*

and CHpCHNO»(CH3)3** ions observed in the sector instrument were also seen in the
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Figure 6a. Isolation of the CsHgN3O9* ion at m/z 254 at ¢t = 0 ms, after the Si(CHz)3+
ion has had 500 ms to react with PETN. The peaks marked with asterisks are due to

electrical noise.

Figure 6b. CID spectrum of the CsHgN3Og* ion. The collision gas is a mixture of
PETN and TMS in a 3:1 ratio. Ions were excited at a frequency approximately 1500 Hz
above the resonant frequency of the ion (approximately 3.4 m/z low) for 1000 ms. The
average collision energy was 1.7 eV for the CsHgN30g* ion in the center-of-mass frame

of reference. The peaks marked with asterisks are due to noise.
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Figure 7. Spectrum of the products of the reaction of Si(CH3)3* with EGDN in a
magnetic sector mass spectrometer. The peaks from m/z 150 to m/z 300 have been

multiplied by a factor of 10.



295

AN VIS P SUST PN TN I SV PSSRl

zZ/w
oSt 00t

(g22) E(CHO)1Is-Nav3

(861) ,°ON-NOD3

__.._L__..._.._.__._......._..._...,__..._...._..:

._7 U ﬁ_ Ui __ Y ___. y

(zv1) . E(CHO)IS*ONOCHOHD q

(1] 98

(211) E(CHO)IS.°0D

/

(06) EONYH®D

TT T YT

TYTTT

001

Aysusiu| aAleeY



296

FT-ICR experiments. Furthermore, in both the FT-ICR and sector instrument
experiments CoH4NOs+ was the most abundant product, followed by CO,Si(CH3)st.
However, no EGDN-Si(CH3)3* was seen in the FT-ICR, while a small amount of it was
observed in the sector instrument. The pressure of TMS was 1-2 orders of magnitude
higher in the sector mass spectrometer than in the FT-ICR mass spectrometer, so it
appears that the increased collisional stabilization at these higher pressures allows small
amounts of the EGDN-Si(CH3)3* adduct to be directly observed.

When Si(CH3)3t was allowed to react with PETN in the magnetic sector mass
spectrometer, two products were observed: CsHgN3Ogt from reaction 12 (90% of
products) and the PETN-Si(CH3)3* adduct from reaction 21 (10% of products) observed.

PETN + Si(CH3)3* — PETN-Si(CH3)3* (21)
A typical mass spectrum is shown in Figure 8. No fragmentation products from
CsHgN30Og+ were observed in the sector instrument mass spectra. Again, since the
pressure of TMS was higher in the sector mass spectrometer than in the FT-ICR mass
spectrometer, it is likely that the CsHgN3Og* ion is completely collisionally stabilized in
the sector instrument. This would explain the observed lack of fragmentation of the
CsHgN30g™" ion in the sector instrument spectra. Furthermore, a small amount of the
initial PETN-Si(CH3)3* adduct at m/z 389 apparently receives enough collisional
stabilization at these higher pressures to be directly observed. Collisional stabilization
effects were also observed in the FT-ICR instrument, where the relative intensity of the
CsHgN3Og* ion increased as the total pressure was increased. However, pressures in the
FT-ICR instrument were apparently never high enough to produce the amount of
collisional stabilization necessary to observe the PETN-Si(CH3)3* adduct.

The ion at m/z 254 was found to have an experimental m/z ratio of 254.02583,
which is within 0.9 ppm of the m/z ratio of CsHgN30gt (254.02605). Thus we conclude
that the ion of m/z 254 observed in the sector mass spectrometer has the composition

CsHgN309™, as previously written.
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Figure 8. Spectrum of the products of the reaction of Si(CH3)3* with PETN in a
magnetic sector mass spectrometer. The spectrum has been baseline subtracted to
suppress background peaks from perfluorokerosene (which was used to calibrate the
magnet). The peak marked with a bullet at m/z 181.0 corresponds to C4F7*. It is the

most abundant ion produced from perfluorokerosene in this mass range.
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Semi-Empirical Calculations. To assist us in the elucidation of the relative
energetics of EGDN, PETN, their adducts with Si(CH3)3*, and their major fragment
ions, we used semi-empirical calculations to study the relevant species. These semi-
empirical calculations were performed at the PM3 levell3 with HyperChem.!4 We will
discuss these calculations in greater detail later in this chapter.

Discussion

Reactivity of Si(CH3)3*t_with EGDN and PETN. Both EGDN and PETN were

found to react efficiently with Si(CH3)3*. Unfortunately, no parent adduct was observed
with either explosive in our FT-ICR experiments; with both explosives only fragment
ions were observed. For both EGDN and PETN the major product was a fragment ion
formed by the loss of (CH3)3SiONO; (CoH4NOs+ at m/z 90 for EGDN, CsHgN3Ogt at
m/z 254 for PETN). Loss of NO3- has also been observed in thermal decomposition
studies of nitrate ester explosives.!> With EGDN several additional product ions
containing Si(CH3)3+ were observed in significant amounts along with the CoH4NO3*
ion, but with PETN the Si(CH3)30NO; loss channel dominated the other minor
fragmention pathways by an order of magnitude. In addition, CID of the CsHgN3Og*
ion from the reaction of PETN with Si(CH3)3* produced the same ions that were seen as
minor fragments in the direct reaction. Reaction of Si(CH3)3* with PETN thus yields
mainly a single product, CsHgN309*, which gives characteristic CID products.
Although this ion is not the parent adduct from the association of PETN with Si(CH3)3%,
it appears that the reaction of Si(CH3)3+ with PETN could be useful in the analytical
detection and identification of PETN.

It is particularly interesting to note that the reaction of EGDN with Si(CH3)3*
and PETN with Si(CH3)3* in a magnetic sector mass spectrometer produced the same
major product ions that were observed in the FT-ICR mass spectrometer under very
different conditions. Furthermore, conditions in the sector mass spectrometer allowed us

to form the EGDN-Si(CH3)3+t and PETN-Si(CH3)3* adducts. This suggests that
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detection of explosives by chemical ionization with Si(CH3)3* could be implemented on
many types of mass spectrometers and under a variety of conditions.

The time plot in Figure 2 for the reaction of EGDN with Si(CH3)3* shows that
all of the products grow in monotonically over time except for the
CH,CH,;NO,Si(CH3)3t* ion at m/z 147, which initially grows in and then decays away.
The CoHyNO4Si(CH3)3%* ion at m/z 177 and the CHONO2Si(CH3)3** ion at m/z 149
grow in at later times, indicating that they may not be nascent products. We should note
that CoHoNO4Si(CH3)3** and CHoONO,Si(CH3)3** only comprise about 20% of the
products after the Si(CH3)3* ion has been consumed.

The time plot in Figure 5 for the reaction of PETN with Si(CH3)3* shows that all
products except CsHgNOy4+* at m/z 147 grow in monotonically over time. Figure 6
shows that the CID of CsHgN3Ogt at m/z 254 produced CsHsNO4** at m/z 143 and
C4HgNO3* at m/z 116, which were also seen in the time plot data. This indicates that
small amounts of the CsHgN3Og* ion fragment further to form CsHsNOg4** and
C4HgNO3t in the direct reaction. The CsH9NO4** ion at m/z 147 grows in and then
decays away in the direct reaction, while C4HgNO3* continues to grow in as
CsHoNOg4*+* disappears. Thus we suggest that as the CsH9gNOg4** ion forms it can
quickly lose CH,OH to form C4HgNO3s*. The CH,ONO,Si(CH3)3+* ion (which was
also seen with EGDN) once again grows in at later times, indicating that it may not be a
nascent product. In this case the CHONO,Si(CHz3)3+* ion only comprises about 5% of
the products after the Si(CH3)3+ ion has been consumed.

The composition of CsHgNO4** shows that it or one of its precursors must have
gained a hydrogen atom from a source within the vacuum chamber. However, the
specific mechanism by which CsHgNOy4** forms is uncertain. The CsH9NO4** ion was
not seen as a CID product from CsHgN3Og*, but it can apparently easily fragment to
C4HgNO3*. Thus we are unable to say whether or not CsHgNO4** is a fragmentation

product of CsHgN3Og+.
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Reaction Coordinate Diagrams for the Reaction of Si(CH3)3*_with EGDN and

PETN. In an effort to better evaluate the relative energetics of the reaction of Si(CH3)3+
with EGDN or PETN to form the major product ions, we performed PM3 calculations on
the species of interest. The calculated heats of formation for the lowest energy
conformation of each species are shown in Table 1.16 However, some calculated values

for the heats of formation were corrected as follows.

The AH’t 298 of nitroglycerine, CHoONO,CHONO,CH,0NO>, is known to be
-64.7 kcal mol-1.17 However, the AHt 293 calculated for nitroglycerine at the PM3 level
of theory was -75.3 kcal mol-l. Apparently PM3 calculations do not properly account
for crowding of the -ONO; groups on adjacent carbons. Thus we expect that the PM3
calculated AH’f 298 for EGDN will be underestimated by a similar amount. Therefore
we adjusted the calculated AH’f298 for EGDN upward by 11 kcal mol-!. Such an
adjustment was not necessary for PETN, since there are no adjacent carbons containing
-ONO; groups. The PM3 calculated AH’r29g of -88.4 kcal mol-! for PETN is in good
agreement with the experimental value of -92.5 kcal mol-1.17

Using the calculated heats of formation in Table 1 we have constructed reaction
coordinate diagrams for the reaction of Si(CH3)3* with EGDN and PETN (shown in
Figures 9 and 10, respectively). The reaction coordinate diagrams of Figures 9 and 10
show that the overall AH for the loss of (CH3)3SiONO; from either EGDN-Si(CH3)3* or
PETN-Si(CH3)3* is quite exothermic. Thus it is not surprising that no parent adduct
was observed with either explosive in our FT-ICR experiments. The reaction coordinate
diagrams indicate that we would need to dissipate at least 20 kcal mol-1 of energy in
collisions to allow for the formation of parent adduct, and apparently the pressures used
in our FT-ICR experiments were too low to provide enough collisions to stabilize the
parent adducts. In contrast to this, the experiments with EGDN and PETN in the
magnetic sector mass spectrometer (at pressures 1-2 orders of magnitude higher than we

had in the FT-ICR mass spectrometer) did produce a small amount of the EGDN-
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Table 1. PM3 Heats of Formation of Species Involved in the Reactions of Si(CH3)3t

with EGDN and PETN.
Species AH’¢ 293 (kcal mol-1)2

Si(CH3)3* 141.3
EGDN -41.40

EGDN-Si(CH3)3* 61.7

Si(CH3)30NO, -106.6

CoH4NO3* 185.4

PETN -88.4

PETN-Si(CHz)s* 15.8
CsHgN3Ogt 135.5

aThe uncertainty of each value is estimated to be £10 kcal mol-!. PCorrected by 11 kcal

mol-! from the PM3 value of -52.4 kcal mol-1. Discussion in text.
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Figure 9. Reaction coordinate diagram for the reaction of EGDN with Si(CH3)3* to
form the major product ions. We estimate the uncertainty in the derived enthalpy values

to be £10 kcal mol-1.
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Figure 10. Reaction coordinate diagram for the reaction of PETN with Si(CHz)3* to
form the major product ion. We estimate the uncertainty in the derived enthalpy values

to be £10 kcal mol-1.
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Si(CH3)3+ and PETN-Si(CH3)3* adducts. The higher pressure in the sector mass
spectrometer is apparently able to provide the number of collisions needed to dissipate
20 kcal mol-! of energy and stabilize the EGDN-Si(CH3)3* and PETN-Si(CHj3)3*
adducts. Furthermore, the number of collisions is apparently enough to stabilize the
CsHgN3Og* ion and suppress further fragmentations.

Comparison of the Reactivity of Nitrate Ester and Nitro Explosives Toward

Si(CH3)3*. We have found that .both nitro! and nitrate ester explosives will react
efficiently with Si(CH3)3* to form characteristic product ions. However, two significant
differences are also observed: 1) with nitrate esters, no parent adduct was observed in
the low pressure FT-ICR experiments, while significant amounts of parent adduct were
seen with nitro explosives and 2) the fragmentation seen with the nitrate ester explosives
is more complex than the fragmentation observed with the nitro explosives. EGDN in
particular exhibits significant amounts of odd-electron fragments (accompanied by NO»
loss). In contrast to this behavior, RDX only produced even-electron fragments from its
reaction with Si(CH3)3*. No NO; loss was observed. !

TNT is an interesting case with respect to the second difference. Like nitrate
esters, it forms an odd-electron fragment from an even-electron parent adduct. However,
TNT loses NO rather than NO», as shown in structure V (an example of one of the

CH,

O.N o'

N
o/ \
(CHj);Si
Vv

possible isomers for this species). But unlike the nitrate esters, no additional

fragmentation is seen with TNT.! Both steric and thermodynamic factors could



308

contribute to these observed differences in reactivity, and we will consider these effects
in detail.

First we will consider steric effects. Because of their ring shaped geometries,
RDX and TNT are comparatively rigid molecules, while nitrate esters are not
constrained in such a fashion and are "floppier." This will allow PETN and EGDN to
access more conformational states and it might be expected that this would leave the
nitrate esters more susceptible to fragmentation. This factor almost certainly plays a role
in the formation of the cyclic organic cations CoH4NO3+ and CsHgN3Og+ from EGDN
and PETN, respectively. Scheme I shows the specific mechanism for the formation of
the CsHgN3O9* ion from PETN and Si(CH3)3t; however, this mechanism can be
generalized to any nitrate ester containing at least two -ONO; groups (such as EGDN).
The flexible nature of both EGDN and PETN allow a "free" -ONO; group to
intramolecularly attack the carbon containing the -ONO,Si(CH3)3* group and displace
the -ONO2Si(CH3)3* group by an intramolecular SN2 reaction. Apparently most of the
adduct formed between EGDN or PETN and Si(CH3)3* fragments in this way, and the
parent adducts are consequently not seen in our FT-ICR mass spectra. In contrast, the
comparatively rigid TNT and RDX molecules cannot fragment in such a way, and their
parent adducts are observed in the FT-ICR mass spectrometer. !

Thermodynamic effects are another important contributing factor in the easy
formation of the CoH4NO3*+ and CsHgN3O9* ions. Since the nitrate group to be lost has
been chemically ionized by Si(CH3)3*, no explicit separation of charge is required to
form CoH4NO3* or CsHgN3O9*. Furthermore, as the C-O bond to the -ONO;Si(CH3)3*
group is breaking, another C-O bond with a "free" -ONOj group is simultaneously
forming. Although the bond being formed is not identical to the bond being broken, they
are similar and thus AH for this process should be small compared to the bond energy
between EGDN or PETN and Si(CH3)3*. This behavior is seen in our reaction

coordinate diagrams of Figures 9 and 10, where bond formation between Si(CH3)3* and
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EGDN or PETN liberates about 40 kcal mol-1, while losing (CH3)3SiONO; only
requires about 15 kcal mol-1. On the other hand, with RDX fragmentation of the parent
adduct requires almost all of the energy liberated by bond formation with Si(CH3)3*. In
this case, even a single collision will dissipate enough energy to stabilize the parent
adduct. Thus, even at the comparatively low pressures used in the FT-ICR mass
spectrometer, enough collisions occur to stabilize the RDX-Si(CHj3)3+ adduct.

Thermodynamic effects also play a second role in the differences between nitro
and nitrate ester explosives. For aromatic nitro compounds the average R-NO, bond
energy is 6942 kcal mol-1,18 while in RDX the N-NO, bond energy is estimated to be
47.8 kcal mol-1.19 But the average Si*-O single bond energy in adducts of Si(CH3)3*
with oxygen-containing molecules is about 40 kcal mol-1.1,20.21 For both TNT and
RDX it takes more energy to generate NO; than is gained by adduct formation with
Si(CH3)3*. Thus no loss of NOj is seen with TNT or RDX.! In contrast, the average
RO-NO; bond energy in nitrate esters is 40.7+2 kcal mol-1.18 This is about the same as
the average Sit-O single bond energy in adducts of Si(CH3)3* with oxygen-containing
molecules. Thus for EGDN and PETN the loss of NO; should be approximately
thermoneutral. If the EGDN or PETN molecule has any excess vibrational or rotational
energy, then loss of NO; should be slightly exothermic. This loss of NO7 is not as
energetically favorable as the loss of Si(CH3)30NO; and formation of the CoH4NO3* or
CsHgN3O¢* ion, but it can occur and accounts for most of the other minor odd-electron
fragments observed.

Although TNT can't lose NO», it does lose NO to form an odd-electron fragment,
of which one possible isomer is shown in structure V.1 The resulting cation is resonance
stabilized by delocalization of the radical electron through the aromatic z system. The
ability to form a resonance stabilized cation explains why TNT is able to lose NO so
easily, and also explains why no further fragmentation is observed. Apparently it is the

presence of the aromatic ring that allows TNT to behave in a fashion intermediate
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between the reactivity of the nitro explosive RDX and the nitrate ester explosives EGDN
and PETN.

These differences in the reactivity of nitro and nitrate ester explosives towards
Si(CH3)3*+ do have an impact on the usefulness of Si(CH3)3* as a selective chemical
ionization reagent for explosives. Although both EGDN and PETN form characteristic
ions upon reaction with Si(CH3)3*, no parent adduct is generated within the FT-ICR
mass spectrometer. We were able to generate the EGDN-Si(CH3)3* and PETN-
Si(CH3)3* parent adducts in a magnetic sector mass spectrometer. Thus the Si(CHz3)3*
ion may still be a useful reagent for the detection and identification of nitrate ester
explosives in certain mass spectrometers. However, it would be convenient to find a
reagent that would be ideal for both nitro and nitrate ester explosives under a wider
variety of conditions. Therefore we are currently testing reagents related to the
Si(CH3)3* ion in the hope of finding a reagent that will produce more stable adducts
with nitrate ester explosives.

Conclusions

We have used FT-ICR mass spectrometry to investigate the reactivity of
trimethylsilyl cations with the nitrate ester explosives EGDN and PETN. Both EGDN
and PETN react quickly and efficiently with Si(CH3)3*. No parent adduct was observed
to form, but characteristic fragment ions were seen. The major product in each case is a
cyclic ion formed by an intramolecular SN2 reaction which ejects of (CH3)3SiONOa.
We also investigated the reactions of EGDN and PETN with Si(CH3)3* in a magnetic
sector mass spectrometer, and there we were able to observe the formation of the
EGDN-Si(CH3)3* and PETN-Si(CH3)3* adducts. CID experiments on selected
fragment ions allowed us to elucidate the various fragmentation processes seen in the
reactions of Si(CH3)3+ with EGDN and PETN. The differences between the reactivity

of the nitro and nitrate ester explosives toward Si(CH3)3+ are well explained by steric
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and thermodynamic effects. Under the proper conditions, Si(CH3)3* could still be a
useful reagent for the analytical detection and identification of nitrate ester explosives.
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Appendix

The structural parameters obtained from the geometry optimizations of the
lowest energy conformations of Si(CH3)s*, EGDN, EGDN-Si(CH3)3*, Si(CH3)30NO3,
CoH4NOs3*, PETN, PETN-Si(CH3)3+ and CsHgN3Ogt are given in the following Tables

1A-8A, respectively.
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Table 1A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of Si(CH3)3*.

Bond Length
Si1-C2 1.8001
Si1-C3 1.8002
Si1-C4 1.8003
C2-H5 1.1060
C2-Hé6 1.0989
C2-H7 1.0995
C3-H8 1.1057
C3-H9 1.0997
C3-H10 1.0989
C4-H11 1.1060
C4-H12 1.0989
C4-H13 1.0994
Bond Angle
C2-Sil-C3 120.02
C2-Sil-C4 119.99
C3-Sil-C4 119.96
Sil-C2-HS 110.11
Sil-C2-H6 113.61
Si1-C2-H7 113.41
H5-C2-H6 106.05
H5-C2-H7 105.91

He6-C2-H7 107.21



Table 1A. (Continued)
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Bond Angle
H6-C2-H7 107.21
Si1-C3-H8 110.15
Sil-C3-H9 113.37
Si1-C3-H10 113.62
H8-C3-H9 105.90
H8-C3-H10 106.08
H9-C3-H10 107.19
Sil-C4-H11 110.21
Si1-C4-H12 113.58
Sil-C4-H13 113.37
H11-C4-H12 106.03
H11-C4-H13 105.90
H12-C4-H13 107.21
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Table 2A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of EGDN.

Bond Length
C1-C2 1.5403
C1-03 1.4168
C1-H4 1.1066
C1-H5 1.1066
C2-06 1.4168
C2-H8 1.1069
C2-H9 1.1069
O3-N7 1.5265
06-N10 1.5265
N7-0O11 1.1848
N7-012 1.1925
N10-013 1.1848
N10-O14 1.1925

Bond Angle

C2-C1-03 104.96
C2-C1-H4 111.48
C2-C1-H5 111.48
03-C1-H4 110.49
03-C1-H5 110.49
H4-C1-H5 107.95
C1-C2-06 104.96

C1-C2-H8 111.53
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Table 2A. (Continued)

Bond Angle
C1-C2-H9 111.53
06-C2-H8 110.47
06-C2-H9 110.47
H8-C2-H9 107.91
C1-03-N7 117.38
C2-06-N10 117.34
03-N7-011 107.76
03-N7-012 117.86
06-N10-013 107.72
06-N10-0O14 117.90
O11-N7-012 134.38

0O13-N10-O14 134.38
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Table 3A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy
Conformation of EGDN-Si(CH3z)3t.

Bond Length Bond Length
C1-C2 1.5417 014-Si15 1.7861
C1-03 1.3975 Si15-C16 1.8592
C1-H4 1.1079 Sil5-C17 1.8579
C1-H5 1.1079 Si15-C18 1.8579
C2-07 1.4643 C16-H19 1.0992
C2-H8 1.1064 C16-H20 1.0959
C2-H9 1.1064 Cl6-H21 1.0951
03-N6 1.6384 C17-H22 1.1004
N6-010 1.1713 C17-H23 1.0948
N6-0O11 1.1804 C17-H24 1.0959
O7-N12 1.3543 C18-H25 1.1003
N12-013 1.1806 C18-H26 1.0959
N12-0O14 1.2732 C18-H27 1.0948
Bond Angle Bond Angle
C2-C1-03 104.38 014-Si15-C18 106.93
C2-C1-H4 111.35 C16-Si15-C17 114.64
C2-C1-H5 111.35 C16-Si15-C18 114.64
03-C1-H4 110.92 C17-Si15-C18 114.21
03-C1-H5 110.92 Si15-C16-H19 109.12
H4-C1-H5 107.95 Si15-C16-H20 112.70
C1-C2-07 103.54 Sil5-C16-H21 112.72

C1-C2-H8 112.37 H19-C16-H20 107.16



Table 3A. (Continued)

Bond Angle

C1-C2-H9 112.37
07-C2-H8 109.59
07-C2-H9 109.59
HS8-C2-H9 109.23
C1-03-N6 118.11
03-N6-010 104.67
03-N6-0O11 114.78
010-N6-011 140.55
C2-07-N12 120.06
07-N12-013 116.26
0O7-N12-014 117.56
0O13-N12-0O14 126.18
N12-014-Sil5 132.01

014-Si15-C16 97.44

014-S115-C17

106.93
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Bond Angle

H19-C16-H21 107.17
H20-C16-H21 107.69
Si15-C17-H22 109.02
Si15-C17-H23 112.99
Si15-C17-H24 113.26
H22-C17-H23 106.68
H22-C17-H24 106.66
H23-C17-H24 107.85
Si15-C18-H25 109.02
Si15-C18-H26 113.26
Si15-C18-H27 112.99
H25-C18-H26 106.66
H25-C18-H27 106.72
H26-C18-H27 107.85
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Table 4A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy
Conformation of Si(CH3)30NO;.

Bond Length
O1-N2 1.3453
O1-Si3 1.7317
N2-0O4 1.2010
N2-05 1.2103
Si3-C6 1.8874
Si3-C7 1.8836
Si3-C8 1.8836
C6-H9 1.0947
C6-H10 1.0940
C6-H11 1.0932
C7-H12 1.0955
C7-H13 1.0942
C7-H14 1.0940
C8-H15 1.0950
C8-H16 1.0940

C8-H17 1.0942
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Table 4A. (Continued)

Bond Angle Bond Angle
N2-01-8i3 125.08 Si3-C7-H13 111.55
O1-N2-04 114.11 Si3-C7-H14 111.75
0O1-N2-05 116.35 Si3-C8-H15 110.23
04-N2-05 129.54 Si3-C8-H16 111.75
01-Si3-C6 100.29 Si3-C8-H17 111.55
01-8i3-C7 111.28 H9-C6-H10 107.93
01-8i3-C8 111.28 H9-C6-H11 107.94
04-N2-05 129.54 H10-C6-H11 107.78
C6-Si3-C7 110.94 H12-C7-H13 107.59
C6-Si3-C8 110.94 H12-C7-H14 107.67
C7-S13-C8 111.61 H13-C7-H14 107.89
Si3-C6-H9 110.40 H15-C8-H16 107.62
Si3-C6-H10 111.32 H15-C8-H17 107.61
Si3-C6-H11 111.34 H16-C8-H17 107.89

Si3-C7-H12 110.21
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Table SA. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of CoH4NO3*.

Bond Length
N1-02 1.1602
N1-03 1.3768
N1-O4 1.3757
03-C5 1.4497
04-Co6 1.4496
C5-C6 1.5378
C5-H7 1.1055
C5-H8 1.1062
C6-H9 1.1063
C6-H10 1.1056
Bond Angle
02-N1-03 124.15
02-N1-04 124.25
03-N1-04 111.60
N1-03-C5 109.41
N1-04-C6 109.46
03-C5-C6 104.78
03-C5-H7 106.10
03-C5-H8 106.07
C6-C5-H7 115.09
C6-C5-H8 115.05

H7-C5-H8 108.89



Table SA. (Continued)
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Bond Angle
04-C6-C5 104.75
04-C6-H9 106.09
04-C6-H10 106.08
C5-C6-H9 115.07
C5-C6-H10 115.06
H9-C6-H10 108.92
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Table 6A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of PETN.
Bond Length Bond Length
Cl-C2 1.5669 N7-010 1.1842
C1-C3 1.5526 N7-011 1.1956
C1-C12 1.5422 C12-014 1.4126
Cl1-C13 1.5462 C12-H26 1.1093
C2-04 1.4096 C12-H27 1.1091
C2-H22 1.1082 C13-015 1.4126
C2-H23 1.1079 C13-H28 1.1091
C3-05 1.4103 C13-H29 1.1093
C3-H24 1.1100 0O14-N16 1.5204
C3-H25 1.1092 O15-N17 1.5204
04-N6 1.5643 N16-0O18 1.1851
O5-N7 1.5268 N16-020 1.1955
N6-08 1.1805 N17-019 1.1850
N6-09 1.1900 N17-021 1.1955
Bond Angle Bond Angle
C2-C1-C3 103.34 05-N7-010 108.68
C2-C1-C12 106.83 05-N7-011 117.62
C2-C1-C13 106.83 010-N7-011 133.70
C3-C1-C12 112.87 C1-C12-014 110.28
C3-C1-C13 112.87 C1-C12-H26 109.45
C12-C1-C13 113.23 C1-C12-H27 109.84

C1-C2-04 109.14 014-C12-H26 109.57



Table 6A. (Continued)

Bond Angle
C1-C2-H22 112.37
C1-C2-H23 110.15
04-C2-H22 109.74
04-C2-H23 109.76
H22-C2-H23 107.93
C1-C3-05 110.67
C1-C3-H24 109.46
C1-C3-H25 109.48
05-C3-H24 109.60
05-C3-H25 109.62
H24-C3-H25 109.62
C2-04-N6 117.13
C3-05-N7 116.64
04-N6-08 107.06
04-N6-N9 117.06
08-N6-09 135.88
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Bond Angle

014-C12-H26 109.53
H26-C12-H27 108.14
C1-C13-015 110.28
C1-C13-H28 109.89
C1-C13-H29 109.45
O15-C13-H28 109.52
015-C13-H29 109.57
H28-C13-H29 108.10
C12-014-N16 116.72
C13-0O15-N17 116.72
014-N16-018 108.62
0O14-N16-020 117.80
018-N16-020 133.58
015-N17-019 108.69
015-N17-021 117.80
019-N17-021 133.51
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Table 7A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of PETN-Si(CH3)3".

Bond Length Bond Length

Cl-C2 1.5505 C13-H28 1.1067
Cl1-C3 1.5626 C13-H29 1.1101
C1-C12 1.5526 0O14-N16 1.6282
C1-C13 1.5509 O15-N17 1.6542
C2-04 1.4488 N16-O18 1.1741
C2-H22 1.1096 N16-020 1.1865
C2-H23 1.1090 N17-019 1.1716
C3-05 1.3822 N17-021 1.1793
C3-H24 1.1084 Si30-C31 1.8583
C3-H25 1.1094 Si30-C32 1.8580
04-N6 1.3710 Si30-C36 1.8575
O5-N7 1.6459 C31-H33 1.0996
N6-08 1.2611 C31-H34 1.0947
N6-09 1.1852 C31-H35 1.0960
N7-010 1.1730 C32-H40 1.0999
N7-011 1.1818 C32-H41 1.0958
08-Si30 1.7861 C32-H42 1.0951
Cl12-014 1.3857 C36-H37 1.0990
C12-H26 1.1082 C36-H38 1.0955
C12-H27 1.1082 C36-H39 1.0954

C13-015 1.3819



Table 7A. (Continued)

Bond Angle
C2-C1-C3 103.34
C2-C1-C12 106.83
C2-C1-C13 108.28
C3-C1-C12 111.56
C3-C1-C13 111.57
C12-C1-C13 113.79
C1-C2-04 115.11
C1-C2-H22 111.51
C1-C2-H23 111.94
04-C2-H22 96.12
04-C2-H23 111.86
H22-C2-H23 109.20
C1-C3-05 114.66
C1-C3-H24 109.49
C1-C3-H25 109.60
05-C3-H24 102.63
05-C3-H25 112.08
H24-C3-H25 107.97
C2-04-N6 121.49
C3-05-N7 120.02
04-N6-08 107.47
04-N6-09 125.42
08-N6-09 127.07
05-N7-010 104.43
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Bond Angle

015-C13-H28 102.15
015-C13-H29 112.07
H28-C13-H29 107.83
C12-0O14-N16 119.37
C13-015-N17 120.12
014-N16-018 105.71
014-N16-020 115.67
0O18-N16-020 138.51
0O15-N17-019 104.15
015-N17-021 115.15
019-N17-021 140.54
08-Si30-C31 105.47
08-8i30-C32 107.72
08-Si130-C36 97.83
C31-Si30-C32 114.20
C31-Si30-C36 114.90
C32-Si30-C36 114.62
Si30-C31-H33 109.07
Si30-C31-H34 113.23
Si30-C31-H35 112.89
H33-C31-H34 106.79
H33-C31-H35 106.61
H34-C31-H35 107.88
Si30-C32-H40 108.97



Table 7A. (Continued)

Bond Angle

05-N7-011 115.56
010-N7-011 139.92
N6-08-Si30 133.43
C1-C12-0O14 115.17
C1-C12-H26 109.44
C1-C12-H27 110.19
014-C12-H26 102.34
014-C12-H27 111.37
H26-C12-H27 107.83
C1-C13-015 115.29
C1-C13-H28 109.57
C1-C13-H29 109.47
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Bond Angle

Si30-C32-H41
Si30-C32-H42
H40-C32-H41
H40-C32-H42
H41-C32-H42
Si30-C36-H37
Si30-C36-H38
Si30-C36-H39
H37-C36-H38
H37-C36-H39
H38-C36-H39

112.97
113.26
106.65
106.73
107.87
109.31
112.63
112.63
107.14
107.20
107.65
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Table 8A. PM3-Optimized Bond Distances (A) and Angles (deg) for the Lowest Energy

Conformation of CsHgN3Ogt.

Bond Length Bond Length
Cl-C2 1.5310 C5-H13 1.1062
Cl-C4 1.5542 06-N7 1.6708
C1-Cs5 1.5626 N7-08 1.1684
C1-C20 1.5332 N7-09 1.1776
C2-03 1.4488 O14-N15 1.6664
C2-H10 1.1082 N15-016 1.1685
C2-Hl11 1.1085 N15-017 1.1761
0O3-N24 1.3581 C20-H21 1.1081
C4-014 1.3922 C20-H22 1.1067
C4-H18 1.1083 C20-023 1.4491
C4-H19 1.1079 023-N24 1.3651
C5-06 1.3799 N24-025 1.1673
C5-H12 1.1104

Bond Angle Bond Angle

C2-C1-C4 109.09 06-C5-H12 113.54

C2-C1-C5 113.01 06-C5-H13 105.39

C2-C1-C20 107.92 H12-C5-H13 107.09

C4-C1-C5 108.35 C5-06-N7 120.92

C4-C1-C20 109.08 06-N7-08 103.42

C5-C1-C20 109.34 0O6-N7-09 114.26

C1-C2-03 114.09 08-N7-09 142.32

C1-C2-H10 114.45 C4-0O14-N15 138.51
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Table 8A. (Continued)

Bond Angle Bond Angle

C1-C2-H11 113.37 014-N15-016 103.03
03-C2-H10 98.88 014-N15-017 114.10
03-C2-H11 105.74 016-N15-017 142.87
H10-C2-H11 109.07 C1-C20-H21 113.71
C2-03-N24 118.95 C1-C20-H22 113.93
C1-C4-014 109.12 C1-C20-023 113.64
C1-C4-H18 109.35 H21-C20-H22 109.08
C1-C4-H19 109.15 H21-C20-023 106.21
014-C4-H18 109.95 H22-C20-023 99.07
014-C4-H19 110.98 C20-023-N24 118.88
H18-C4-H19 108.28 03-N24-023 123.96

C1-C5-06 111.43 03-N24-025 118.30
C1-C5-H12 109.13 023-N24-025 117.59

C1-C5-H13 110.09



