Host-Guest Hydrogen Atom Transfer Induced
by Electron Capture
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1,n-Alkanediammonium cations in noncovalent complexes with two dibenzo-18-crown-6-
ether (DBCE) ligands undergo an unusual intramolecular tandem hydrogen atom and proton
transfer to the crown ether ligand upon charge reduction by electron capture. Deuterium
labeling established that both migrating hydrogens originated from the ammonium groups.
The double hydrogen transfer was found to depend on the length of the alkane chain
connecting the ammonium groups. Ab initio calculations provided structures for select
alkanediammonium-dibenzo-18-crown-6-ether complexes and dissociation products. This first
observation of an intra-complex hydrogen transfer is explained by the unusual electronic
properties of the complexes and the substantial hydrogen atom affinity of the aromatic rings

in the crown ligand.
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such as crown ethers [1-3], cucurbitol [4-8], calix-

arenes [9-12], cyclodextrins [13-23], and other mac-
rocyclic ligands [24-27] have been studied extensively
by various mass spectrometric methods. The previous
studies have been focused on molecular recognition of
the guest ion by the host molecule [28-30] and used
both thermodynamic equilibrium [31] and kinetic meth-
ods [32, 33] to study dissociation and displacement
reactions in the gas phase. An interesting situation
occurs when the charged host-guest complex is re-
duced by electron attachment in the gas phase. For
example, electron-transfer to doubly charged 18-
crown-6-ether-peptide complexes has been shown to
trigger backbone dissociations in competition with loss of
the crown ligand [34]. Another recent study reported on
electron-induced dissociations of 18-crown-6-ether com-
plexes with doubly protonated «,w-diaminoalkanes [35].
Electron capture in those complexes resulted in the loss of an
ammonium hydrogen atom followed by loss of the crown
molecule. Computational analysis of the dissociation ener-
getics showed that the host-guest interaction by hydrogen
bonding in the ion was substantially weakened by one-
electron reduction. However, unexpected results were ob-
tained for femtosecond collisional electron-transfer from Na
and Cs atoms to 18-crown-6-ether-1,n-alkanediammonium
complexes that, in addition to loss of the crown-ether ligand,
also induced dissociations of C—C bonds in the diaminoal-
kane backbone, while retaining the noncovalent crown-
ammonium. These backbone dissociations were estimated to
be substantially more endothermic than the loss of the crown
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ether ligand and their occurrence was attributed to the
formation of high excited states by near-resonant electron-
transfer from the alkali metal atom [35].

In this article, we report another interesting phenome-
non observed for electron capture dissociation [36] of
dibenzo-18-crown-6-ether-1,n-alkanediammonium comp-
lexes. These complexes undergo intramolecular hydrogen
transfer from the guest ion to the host molecule upon partial
reduction by electron capture. We also report density func-
tional theory calculations of ion structures and dissociation
energetics to interpret the experimental data.

Experimental
Materials

1,n-Diaminoalkanes (1 = 4-7) and dibenzo-18-crown-6-ether
(DBCE) were purchased from Sigma Aldrich (Milwaukee,
WI) and used as received. 1,n-Diaminoalkane-DBCE com-
plexes were prepared in situ by mixing the components in
1:1 or 1:2 molar ratios in methanol or aqueous methanol
solutions. Gas-phase ion complexes are represented such
that a doubly protonated 1,n-diaminoalkane with m number
of dibenzo-18-crown-6-ethers (m = 1 or 2) is n-mDBCE>*.
Species that have undergone deuterium labeling such that
they contain x number of D atoms will be reported as
D,-n-mDBCE. The D¢-n-1DBCE and Dy-#-2DBCE (n = 6 and
7) complexes were prepared in CH;OD and electrosprayed
from D,O:CH,OD solvent mixtures.

Methods

Electron capture dissociation (ECD) and infrared
multiphoton dissociation (IRMPD) spectra of 1,n-
diaminoalkane-DBCE complexes (were measured on
an actively shielded 4.7-T Fourier transform ion-
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cyclotron resonance (FT-ICR) mass spectrometer
(APEX-IIIL; Bruker Daltonics, Billerica, MA) upgraded
with a mass-selective quadrupole (Q) front-end. Pos-
itive ions were produced by direct infusion into an
external Apollo electrospray ion source (Bruker Daltonics)
at a flow rate of 1.5 uL/min with the assistance of N,
nebulizing gas (8.0 psi). The ESI source was operated
under the following conditions: cylinder, 0 V; capillary,
—4490 V; end plate, —4080 V; cap exit, 90 V; skimmer 1, 20
V; skimmer 2, 5.8 V; offset, 3 V; trap and extract, 7.4 V and
—6.7 V respectively; drying gas (N,), 3 L/min; drying
temperature, 150 °C. The generated ions were accumu-
lated in the first hexapole for 0.1 s, transferred into the
mass-selective quadrupole, and the mass-selected ions
were accumulated for 1 to 3 s in the second hexapole. Ion
optics further transferred ions into an Infinity ICR cell
where they were trapped by gating the trapping poten-
tials. All spectra were acquired using apexControl 2.0
(Bruker Daltonics) and data were processed with Data-
Analysis 3.4 (Bruker Daltonics). ECD experiments were
performed with an indirectly heated cathode (Heatwave,
Crescent Valley, BC, Canada) operated at 1.7 A of heater
current. During the ECD event, ions were selected by the
external quadrupole mass filter then transferred into the
ICR cell where they were irradiated by a pulse of electrons
for a duration of 300 to 500 ms. The electron energy was
adjusted by electrostatic potentials on the lens and grid
elements of the Bruker ECD source to optimize the ECD
ion formation. The electron energies cannot be measured
on the Bruker instrument and are estimated to be within 5
to 10 eV. IRMPD experiments were performed using a
25-W infrared CO, laser (Synrad, model 48-2-2; Mukilteo,
WA). During the IRMPD event, ions were selected by the
external quadrupole mass filter then transferred into the
ICR cell where they were irradiated by a pulse of 20%
laser power for a duration of 200 ms. The m/z values are
reported as rounded-off integer numbers.

Calculations

Standard ab initio calculations were performed using
the Gaussian 03 suite of programs [37]. Geometries
were optimized by density functional theory calcula-
tions using Becke’s hybrid functional (B3LYP) [38] and
the 6-31G(d) basis set. These initial geometries were
reoptimized using B3LYP with the 6-31+G(d,p) and
6-31++G(d,p) basis sets for closed shell and open-shell
species, respectively. Select optimized structures are
shown in the pertinent schemes and figures. Complete
optimized structures of all local minima and transition
states can be obtained from the corresponding author
(E.T.) upon request. Note that the DBCE ligand has a
rather rigid structure, which is imposed by the ortho-
condensed benzene rings, and structure optimizations
do not necessitate extensive searches of the conforma-
tional space. Spin unrestricted calculations were per-
formed for all open-shell systems. Stationary points
were characterized by harmonic frequency calculations
as local minima (all real frequencies) and first-order
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saddle points (one imaginary frequency). The calcu-
lated frequencies were scaled with 0.963 [39] and used
to obtain zero-point energy corrections, enthalpies, and
entropies. The rigid-rotor-harmonic-oscillator (RRHO)
model was used in thermochemical calculations except
for low-frequency modes where the vibrational en-
thalpy terms that exceeded 0.5 RT were replaced by free
internal rotation terms equal to 0.5 RT.

Improved energies were obtained by single-point
calculations at several levels of theory. For model
benzo-1,4-dioxane systems (18 atoms) we performed
B3LYP and Mpgller-Plesset theory (second order, frozen
core) calculations using the 6-311++G(3df,2p) split-
valence triple-{ basis set furnished with polarization
and diffuse functions. In addition, coupled-cluster cal-
culations [40] with single, double and disconnected
triple excitations [CCSD(T)] [41] were performed with
the 6-311G(d,p) basis set and extrapolated to CCSD(T)/
6-311++G(3df,2p) using the standard linear formula.
This is analogous to the G2(MP2) level of theory [42].
With the large dibenzocrown complexes (120 atoms),
MP2 and CCSD(T) calculations were beyond our com-
putational capabilities and, therefore, we performed
single point calculations only with B3LYP and the
6-311++G(2d,p) basis set.

Vertical excited-state energies were calculated with
time-dependent density functional theory [43] using the
B3LYP functional and the 6-311++G(2d,p) basis set.
Atomic spin and charge densities were calculated using
the natural population analysis (NPA) method [44]. Excited-
state wave functions were constructed as linear combina-
tions of virtual orbitals with expansion coefficients ob-
tained from TD-B3LYP/6-311++G(2d,p) calculations.

Results
IRMPD and ECD Spectra

Electrospray ionization of 1,n-diaminoalkane-DBCE
complexes produced mixtures of singly and doubly
protonated complexes. The doubly charged ions were
selected by mass and activated for dissociation by
infrared photon absorption or electron capture. The ion
dissociations are exemplified with the mass spectra of
6-1DBCE”" and 6-2DBCE*". IRMPD of 6-1DBCE*" (m/z
239) resulted in two series of ions (Figure 1a). The main
ion series consisted of protonated DBCE, (DBCE + H)™*
at m/z 361, and its dissociation products at m/z 317, 299,
225, 207, 181, 163, and 137. These were formed by
combined losses of C,H,O (44 Da), CgHO, (136 Da),
and water, as depicted in Scheme 1. The other series
consisted of protonated 1,6-hexanediamine (6, m/z
117) and its dissociation products. These assignments
are supported by accurate mass measurements that
provided elemental compositions for the ions detected
in the IRMPD mass spectrum and the neutrals elimi-
nated in the dissociations. The same ion series for
dissociations of (DBCE + H)" was obtained from
IRMPD of 4-1DBCE**, 5-1DBCE*", and 7-1DBCE**
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Figure 1. (a) IRMPD mass spectrum of mass selected 6-1DBCE>*, m/z 239; (b) ECD mass spectrum
of mass-selected 6-1DBCE”". Inset shows the expanded m/z 280-480 region.

although the fragment relative intensities somewhat of (DBCE + H)™ and (DBCE + D)™ of relative intensi-
differed. IRMPD of deuterium labeled 6-1DBCE** (a ties that varied from 1:1 to 1:2 and indicated proton or
mixture of 45% D,, 38% D, and 17% D,) showed peaks deuteron transfer from the diammonium ion upon
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dissociation. The m/z 225, 181, and 137 fragment ions
showed only 10% to 15% of their respective deuterated
analogues, which was substantially lower than the D
content of the precursor 6-1DBCE*" ions. Presumably,
the fragment ions underwent H/D exchange with re-
sidual water during their trapping in the cell that
lowered the deuterium content faster than for the
(DBCE + D)* ions. We note that all the reported
deuterium contents are based on peak intensities that
were corrected for the contributions of °C and "N
natural isotopes.

ECD of 6-1DBCE** gave 32% conversion of the precur-
sor ion to singly charged products under our experimental
conditions. ECD resulted in a complete dissociation of the
charge-reduced 6-1DBCE"" intermediate (Figure 1b) and
likewise for complexes of the other diaminoalkanes. The
ECD spectrum showed a weak peak due to a loss of H at
m/z 477 and a combined loss of H and 1,6-diaminohexane
at m/z 361. The latter fragment is presumably (DBCE +
H)*, as judged from its accurate mass and the presence of
its dissociation products at m/z 225 and 181. The major
product of ECD is at m/z 117 corresponding to protonated
1,6-diaminohexane (6™), which is formed by consecutive
losses of H and DBCE. These dissociations are analogous to
those observed for alkanediammonium complexes of 18-
crown-6-ether as reported recently [35]. An interesting fea-
ture of the ECD spectra of the n-IDBCE>" complexes is the
presence of weak odd-electron ions, e.g., at m/z 180 and 136.
We presume that these were formed by electron impact
ionization of neutral C,,H;,0;5 and CsHgO, fragments from
ECD at the long irradiation times of our measurements. Note
that benzo-1,4-dioxane, which is the presumed structure of
the 136 Da neutral, has a low ionization energy of 7.85 eV
and a somewhat lower value can be expected for the homol-
ogous C,,H;,0; molecule. For reference, the ionization en-
ergy of DBCE was calculated to be 6.99 eV (see below). Thus,
these neutral fragments can be ionized by the electron beam
entering the ICR cell.

IRMPD of 6-2DBCE>" (m/z 419, Figure 2a) formed
fragments by loss of (DBCE + H)" at m/z 477, and a
complementary ion series starting with (DBCE + H)™" at
m/z 361, and continuing with its fragments at m/z 225,
207, 181, 163, and 137. A major peak of 6" appeared at
m/z 117. IRMPD mass spectra of 4-2DBCE** through
7-2DBCE*" were quite analogous to that of 6-2DBCE**.

ECD of 6-2DBCE** (m/z 419, Figure 2b) provided
charge-reduced ions at 50% conversion of the precur-
sor ion. We note that analogous 18-crown-6-ether-
alkanediammonium complexes also showed greater
ECD conversions for doubly-coordinated ions com-
pared with those for singly coordinated ones [35].
More importantly, the ECD spectrum of 6-2DBCE**
revealed some novel dissociations that are analyzed in
some detail. The ECD spectrum showed neither a charge-
reduced ion (m/z 838) nor a fragment by loss of an H atom. A
major fragment ion was observed at m/z 477, which arose by
a combined loss of H and DBCE. Further dissociation by loss
of a second molecule of DBCE formed the 6" ion at m/z 117.
However, the spectrum showed an unexpected odd-electron
fragment at m/z 362, which had an elemental composition of
CyoHyOg (measured 362.1722, theoretical 362.1729). This
corresponded to DBCE, which received a proton and a
hydrogen atom as a result of charge-reduction and dissocia-
tion. This fragment is denoted as Z. ECD of 6-2DBCE*" in
which the ammonium protons were exchanged for deute-
rium, (62% Dy, 36% Ds, and 2% D,,) showed 77% of D,-Z at
my/z 364 and 23% D,-Z at m/z 363, consistent with a transfer of
an ammonium proton and an ammonium hydrogen atom to
DBCE. Note that a purely statistical transfer of two ammo-
nium hydrogens (no isotope effects) would form 86% Z-D,
and 13% Z-D;. The experimental distribution may indicate
an isotope effect favoring transfer of H during the dissocia-
tion, or an H/D exchange with the background water vapor
during the ion storage in the ICR cell. Nevertheless, the ECD
spectrum indicates a major transfer of two ammonium
hydrogens to the Z fragment.
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Figure 2. (a) IRMPD mass spectrum of mass selected 6-2DBCE>*, m/z 239; (b) ECD mass spectrum
of mass-selected 6-2DBCE?".

The relative intensity of the Z fragment was found to ~ sum of charge-reduced ion intensities. For n = 5 and 4,
depend on the alkanediamine chain length. For n = 7 the Z fragment relative intensity dropped to 8% and 2%,
and 6, the Z fragment amounted to 15% to 17% of the  respectively. The combined formation of D,-Z and D,-Z
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from Dg-6-2DBCE** of the above-described isotope
distribution was 17%, indicating no major isotope ef-
fects in the Z fragment formation.

Ion and Radical Structures and Energetics

To gain further insight into the unexpected formation of
the Z fragment, we carried out electron structure theory
calculations of several relevant species. The questions
we attempted to address by calculations were (1) pre-
cursor ion structure, (2) recombination energy, (3) charge-
reduced ion structure, (4) proton and hydrogen atom
affinity of the dibenzocrown ligand, (5) dissociation ener-
gies of the ECD intermediates, and (6) their electronic
properties. These topics will be described and discussed
below.

Because of the substantial molecular size of the
present complexes, e.g., C,;HgN,O,, or 129 atoms for
7-2DBCE?*, the calculations focused on the smallest
4-2DBCE?" ion and its dissociation products and used
density functional theory only. In addition, we used
higher level combined B3-MP2 [45] and CCSD(T) [41]
calculations to model hydrogen transfer reactions with
benzo-1,4-dioxane as a DBCE fragment of presumably
analogous electronic properties. The optimized struc-
ture of the 4-2DBCE*" ion is shown in Scheme 2. Each
ammonium group is bound by two hydrogen bonds to
the DBCE phenol oxygens and by another hydrogen
bond to the ether chain middle oxygen. The H-O
hydrogen bonds have standard lengths of 1.83 to 1.9 A.

N, WY
/ {Mf\,
N L l’;r:
el

4-2DBCE?*
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The DBCE ligands in the gas-phase 4-2DBCE*" complex
have slightly distorted bowl conformations which are
similar to that in a crystalline ammonium complex as
determined by X-ray crystallography [46, 47]. Complex
4-2DBCE*" shows substantial stability to dissociation
by loss of a neutral DBCE ligand forming 4-DBCE*",
which requires 220 k] mol ' at the thermochemical
threshold (Table 1). In contrast, proton transfer to DBCE
in 4-2DBCE”" followed by dissociation to 4-1DBCE*
and (DBCE + H)" is 13 k] mol ' exothermic (Table 1),
indicating that the 4-2DBCE”" complex owes its exis-
tence to an energy barrier to this exothermic dissocia-
tion. The formation of 4-1DBCE™ and (DBCE + H)™ is
expected to represent the major dissociation of the
doubly charged complex, consistent with the IRMPD
spectrum.

Loss of the second DBCE molecule from 4-1DBCE>"
to form 4** requires 279 k] mol ' (Table 1). In contrast,
proton transfer and dissociation to 4" and (DBCE +
H)" is 71 k] mol ! exothermic. Note that this dissocia-
tion is made exothermic by the substantial stabilization
of 4" by intramolecular hydrogen bonding between the
NH," and NH, groups, which is estimated at 85 k]
mol~! and which is absent in 4-1DBCE?*. Hence, dis-
sociation to 4" and (DBCE + H) " is likely to require an
activation energy that kinetically stabilizes the complex
to be observable in the gas-phase.

Loss of neutral DBCE from 4-1DBCE" requires 123 k]
mol ' at the thermochemical threshold. The complemen-
tary formation of (DBCE + H)* by loss of neutral 4 is

7 Yy

/ DBCE

Scheme 2
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Table 1. Ion relative and dissociation energies
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Relative energy®®

B3LYP B3LYP B3-PMP2°
Species/reaction 6-31+G(d,p) 6-311++G(2d,p) 6-311++G(2d,p)
4-2DBCE%* — 4-1DBCE2* + DBCE 230 220 —
4-2DBCE2* — 4-1DBCE* + (DBCE + H)* -8 -13 —
4-1DBCE%* — 42* + DBCE 291 279 —
4-1DBCE2* — 4" + (DBCE + H)* -71 -71 —
41DBCE* — 4" + DBCE 129 123 —
41DBCE* — 4 + (DBCE + H)* 206 203 —
4" >4+ H" 1008 1000 998 (1005)¢
8a* — DBCE + H* 930 919 934 (939)¢
8b* — DBCE + H* 930 920 933 (939)¢
8¢t — DBCE + H* 924 914 928 (934)¢
8d* — DBCE + H* 887 880 —
9** — (DBCE + H)* + H* 932 921 936 (941)¢
9+* — (DBCE + H)* + H® 101 97 75
(DBCE + H)* — DBCE + H® 100 95 73
12+ 8a™ + CH;NH, 198 193 203
12*— DBCE + CHyNH,* 232 220 245
12— 13b + H* 1116 1104 1115 (1122)9
13a — DBCE + CH3NH, 6 3 17
13b — DBCE + CH;NH, 11 8 21

3In units of kJ mol™.

®Including zero-point energies and referring to 0 K unless stated otherwise.

°E[B3-PMP2] = 0.5{E[B3LYP] + E[PMP2]}reference [45]).
dProton affinities at 298 K.

more endothermic (203 k] mol ') and the difference
reflects the lower proton affinity of DBCE compared to 4.
The calculated proton affinities are collated in Table 1. The
lower binding energy in 4-1DBCE™ determines its stability
when formed as an intermediate by ECD of 4-2DBCE*".
Similar binding energies can be expected for 5-1DBCE*
through 7-1DBCE™.

Electron capture in 4-2DBCE*" forms a cation-radical
intermediate 4-2DBCE™". Unfortunately, both Hartree-
Fock and DFT calculations of 4-2DBCE™" repeatedly
failed to reach convergence, and therefore we were
unable to obtain an optimized structure. Hence, the
question of existence of 4-2DBCE™ as a local energy
minimum remains open. A single point calculation gave
the vertical recombination energy for 4-2DBCE*" + ¢ —
4-2DBCE* as 3.69 eV, a very low value for a dication.

The ability of DBCE to bind a hydrogen atom and a
proton was established from calculations of hydrogen
atom and proton affinities. Regarding the latter, the C,,
symmetry of DBCE allows for six prototrophic isomers
for (DBCE + H)™ in which the proton is bound to one
oxygen atom and internally solvated by another. Aro-
matic ring-protonated structures would not allow for
intramolecular hydrogen bonding and therefore were
not considered. We found ion structures 8a* and 8b™ as
being practically isoenergetic, while 8c* and 8d* were
less stable (Figure 3). Ion 8a™ has the proton attached to
a phenol oxygen and solvated by the proximate phenol
oxygen from the other ring at a 1.332 A H-O distance.
Structure 8b* has the proton attached to the middle
ether oxygen and solvated by the middle ether oxygen
across the ring at a 1.419 A H-O distance. The more

constrained ring structure in 8b* is reflected by its
lower entropy, so that 8b* is disfavored against 8a* by
AG, »05(8a* —8b™) = 5k mol . The calculated proton
affinity of 8a* and 8b* (PA = 939 k] mol ') is lower
than that calculated for 1,4-butanediamine (1005 KkJ
mol ). This explains the proton partitioning between
the fragments from dissociation of 4-DBCE* where 4*
is preferred. Note that whereas an experimental PA of
DBCE is not available, that for 1,4-butanediamine (1006
k] mol ') [48] is in a good agreement with the value
from our B3-MP2/6-311++G(2d,p) calculations.

The hydrogen atom affinity of protonated DBCE was
calculated for isomer 8a* and H-atom addition to the
ortho-position of the solvating phenol oxygen (Scheme 3).
The cation-radical structure (97 shows a planar dihydro-
benzene ring, which accommodates the entire unpaired
electron density. The spin density is delocalized among
the carbon atoms, which are ortho and para to the H-atom
addition site. Interestingly, there is no spin spillover to the
crown ether or the other aromatic ring. The hydrogen
atom affinity for 9" — 8a* + H' was calculated as 75 kJ
mol ', indicating a moderately exothermic H-atom addi-
tion. Hence structure 9™ can be a plausible representation
of ion Z.

However, the electronic system in 9% is still rather
large and allows for many isomers differing in vari-
ous combinations of proton and H-atom positions. To
investigate the relative thermodynamic and kinetic
stabilities of various H-atom adducts, we addressed
the activation energy for the H-atom addition to the
simpler benzo-1,4-dioxane system 10 which, owing to
its symmetry, allows for only three isomers (11a-11c,
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Figure 3.
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B3LYP-6-31+G(d,p) optimized structures of (DBCE + H)*
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Scheme 4). The calculated energies are summarized
in Table 2. The H-atom affinities were found to range
between 60 and 87 k] mol ' at various levels of theory
(Table 2), which were similar to that calculated for 8a.
The ortho-positions (C-3, C-6) gave the most stable
adduct (11b). All H-atom additions required activa-
tion energies which ranged between 26 and 39 k]
mol ', again depending on the level of theory. The
combination of the H-atom affinity and activation
energy increased the overall stability of the adducts
to 101-120 k] mol ™', whereby the ortho adduct was
the most stable isomer.

Electronic Properties of DBCE-Ammonium
Complexes and Dissociation Mechanisms

As mentioned above, electronic structure theory calcu-
lations of 4-2DBCE™" and other intermediates were

difficult and did not furnish specific results because of
convergence failures. Therefore, we resorted to model
these systems with a simpler one consisting of DBCE
and methylammonium ion (12%), radical (12), and neu-
tral methylamine (13a,b) (Scheme 5). We used a similar
model in the previous work on 18-crown-6-ether com-
plexes where it provided a useful reference [35]. Of
course, model 12 neglects the effect of a residual charge
which is present in 4-2DBCE™" following charge reduc-
tion. Nevertheless, 12 turned out to provide a useful
insight, which is now briefly described and discussed.
Electron attachment to 12 is associated with a vertical
recombination energy of 2.05 eV. This is to be compared
with the RE, for a 18-crown-6-ether-CH;NH; " complex
(1.74 eV) [49]. These RE, values indicate that the electron
binding energies in crown-solvated ammonium ions are
extremely low, much lower than the recombination ener-
gies of free, nonsolvated ammonium groups, which are

Scheme 3
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typically in the 4.0-4.2 eV range [50]. Thus, electron
attachment to 4-1DBCE*" and its higher homologues is
expected to reduce the nonsolvated ammonium group
while retaining the solvated one as a cation. This is
consistent with the dissociations upon electron capture
that show loss of an ammonium hydrogen atom and the
crown-ether ligand. However, when both ammonium
groups are solvated, as in 42DBCE** and its higher
homologues, the incoming electron must interact with
the solvated ammonium groups, and this interaction
triggers unusual behavior accompanied by hydrogen
migrations.

The salient features of electron attachment to crown ether
solvated ammonium, as in the model DBCE-CH;NH;*
complex, are revealed by the analysis of the ground and
excited electronic states in 12 (Figure 4). This showed
that the ground doublet (X) and the first excited (A)

Table 2. Hydrogen atom affinities and activation energies
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state were nearly degenerate. The molecular orbital
representing the X state (SOMO, 106«) was a 7*-orbital
delocalized over both aromatic rings of the DBCE
ligand. The A state of a nearly identical energy was
represented by a Rydberg-like 3s orbital surrounding
the methyl group. Among the higher excited states, C
was represented by another aromatic 7*-orbital, B and
E were Rydbergs, and D was a combination of a 3s
Rydberg and an aromatic w*-orbital. The interesting
feature of all these states is that the neutralizing electron
is insulated from the ammonium group which retains a
positive charge after reduction while carrying negligi-
ble unpaired electron density. The novel feature of the
DBCE complexes is the formation of states that contain
the electron in the aromatic 7-system in the form of a
radical anion. According to the calculated electron
distributions, such states can be viewed as zwitterionic.
Note that the aromatic systems in neutral alkoxyben-
zenes do not have bound states for an extra electron.
The stability of 12 is due to Coulomb effects of the
proximate ammonium charge [51, 52]. However, the
aromatic anion in the X, C, D, and presumably also in
higher electronic states of 12 is expected to be substan-
tially basic to induce exothermic migration of an am-
monium proton [51]. This would quench the zwitteri-
onic state and form a complex of neutral amine with a
(DBCE + H) radical. The binding energy of a neutral
amine to (DBCE + H) is unknown but can be approx-
imated by that in DBCE-CH;NH, neutral complexes
13a,b. Table 1 shows that the binding is very weak and
the components are expected to dissociate rapidly at
thermal energies.

Our experiments did not allow us to distinguish the
loss of the (DBCE + H) radical from charge-reduced
4-2DBCE™" and its homologues from a sequential loss of
an ammonium hydrogen atom and a DBCE ligand, as
both dissociations result in an abundant formation of
4-1DBCE" product ions that dominate the ECD spectra.
The interesting aspect of the ECD spectra is that the loss
of DBCE and H' competes with a proton transfer to
(DBCE + H)'. The proton most likely originates from the

Relative energy?

B3LYP B3-PMP2° CCSD(T)°
Species/reaction 6-31+G(d,p) 6-311++G(3df,2p) 6-311++G(3df,2p)
1Ma—10 + H 85 60 67
10 + H—>TS1 16 33 39
11a — TS1 101 93 106
1b —->10 + H 108 83 87
10 + H —> TS2 10 26 32
11b — TS2 117 109 120
1¢—>10 + H 99 72 76
10 + H—>TS3 9 29 37
11¢c — TS3 108 101 113

aIn units of kJ mol™" and including zero-point vibrational energies.

PFrom averaged B3LYP and PMP2/6-311++G(3df,2p) single point energy calculations.
°From linear expansion: E[CCSD(T)/6-311++G(3df,2p)] ~ E[CCSD(T)/6-311G(d,p)] + E[PMP2/6-311++G(3df,2p)]-E[PMP2/6-311G(d,p)].
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Scheme 5

other remote nonreduced ammonium group rather than
from the proximate NH, group produced by the first
H-atom transfer. The specific H-transfer from the ammo-
nium groups, as established by deuterium labeling, ex-
cludes a relay-like mechanism for the Z ion formation in
which the (DBCE + H) radical would transfer a hydrogen
atom to the ammonium-coordinated DBCE ligand, which
would then receive an ammonium proton upon dissocia-
tion forming the Z fragment ion. If such a mechanism
were operative, at least two hydrogen atoms in (DBCE +
H), e.g., the original aromatic hydrogen and that trans-
ferred to that position from the reduced ammonium
would become equivalent for transfer to the other DBCE.
Thus, a Z ion from such a mechanism would contain
=50% D, and =50% D; in contrast to experiment (77% D,
and 23% D,, vide supra).

The calculated energies indicate an exothermic mi-
gration of a hydrogen atom from the reduced ammo-
nium group onto the DBCE ligand. This exothermicity
can be estimated to be close to 100 k] mol ! on the basis
of the N-H bond dissociation energy in a crown-
solvated alkylammonium radical (=28 k] mol ') [35]
and the hydrogen atom affinity of DBCE (73 kJ mol ',
Table 1). When a (DBCE + H) ligand is formed by
hydrogen transfer, its binding to the alkanediamine
NH, group is presumably very weak, as judged by the
low stability of neutral complexes 13a and 13b, which
require dissociation energies of only 17 and 21 k] mol ',
respectively, to lose the neutral amine. Thus, the charge
reduced complex (4-2DBCE™) is expected to dissociate

to 4-1DBCE™, as observed. However, to produce the Z
fragment, the (DBCE + H) moiety must migrate to the
other nonreduced ammonium end, the migration must
be kinetically competitive with dissociation, and it must
be followed by a proton transfer. However, energy
estimates suggest that (DBCE + H) is unlikely to
abstract a proton from a crown-coordinated ammo-
nium group. For example, the proton affinity of the
DBCE-CH;NH, complex 13b (1122 k] mol ') substan-
tially exceeds the proton affinity of (DBCE + H) (941 kJ
mol '), which is comparable to that of DBCE (939 k]
mol !, Table 1).

An alternative pathway was considered in which
(DBCE + H), formed at the reduced end, first dis-
placed the DBCE ligand at the nonreduced ammo-
nium group, and the intermediate complex then
dissociated by proton transfer to (DBCE + H) and
loss of neutral alkanediamine. Such a mechanism is
energetically feasible, because (DBCE + H) and
DBCE have similar affinities to ammonium ions (e.g.,
respectively, 256 and 245 k] mol ' for methylammo-
nium) and thus the ligand displacement is expected
to be nearly thermoneutral or slightly exothermic. We
note, however, that the ECD spectra did not show
intermediates of the (n-1DBCE + H)" type while
n-1DBCE™ were abundant. Possibly (n-1DBCE + H)™
intermediate complexes were transiently formed but
eliminated an H atom in competition with the elimi-
nation of the neutral alkanediamine. These dissocia-
tions have comparable endothermicities, e.g., 75 KkJ



J Am Soc Mass Spectrom 2009, 20, 639-651

HOST-GUEST HYDROGEN ATOM TRANSFER 649

[CH,NH,-DBCE]*

< (%

(MO105)

5.07

Figure 4. Electronic states in the DBCE-CH;NH; complex from TD-B3LYP/6-311+ +G(2d,p) calcu-
lations. Orbital phases are distinguished by purple and gold color. Electronic state energies are given
in electron volts. Those for the A-E excited states correspond to vertical single electron excitation from

the X state.

mol ! for loss of H from (DBCE + H) and 62 k] mol !
for proton transfer from 4" to (DBCE + H). An
attractive feature of the proposed mechanism is that
it is consistent with the observed dependence of the Z
ion relative intensity on the alkanediamine chain
length where the longer amines give more abundant
Z ions. 1,4-Butanediamine has the highest proton
affinity of the alkanediamines under study [48] and is
expected to be least efficiently deprotonated by
(DBCE + H) upon dissociation of the complex.

The mechanistic details for the DBCE ligand dis-
placement are less clear. The ligand displacement
requires a substantial reorientation of the remote
(DBCE + H) and DBCE groups in an ion-molecule
complex. Analogous reorientations of remote groups
in ion-molecule complexes have been reported by
Longevialle to occur in ion dissociations of bifunc-
tional steroids [53-56], and the phenomenon has been
analyzed by Morton [57, 58]. We investigated a
“bead-on-the-string” mechanism [7] in which the

alkanediamine chain slides through the (DBCE + H)
ligand and thus brings it close to the opposite ammo-
nium end to displace the DBCE ligand. We used Ar
instead of an alkylamine chain because Ar has a
similar van der Waals radius (1.88 A) as methylene
and amino groups (1.89 and 1.76 A, respectively) [59],
and the calculations were aided by symmetry. How-
ever, the DBCE cavity appears to be too small to
allow for an unobstructed passage of an Ar atom or
an alkyl chain. Calculations for model DBCE-Ar
complexes indicated a >50 k] mol ' energy barrier
for passing an Ar atom through the DBCE cavity. In
addition, the Ar atom tended to escape through the
open end of the DBCE bowl. This indicated that the
DBCE ligand would slip off the alkanediamine chain
rather than riding it towards the other end. Hence,
the “bead-on-the-string” reorganization does not
seem to be favorable, and the detailed mechanism
of the formation of the Z ion remains to be yet
elucidated.
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Conclusions

Electron capture by dibenzo-18-crown-6-ether-1,n-
alkanediammonium complexes triggers exothermic hy-
drogen transfer from the reduced ammonium group to
the crown ether aromatic ring. This is followed by
ligand reorientation, elimination of one crown mole-
cule, and dissociation of the intermediate ion-molecule
complex to yield a protonated crown ether radical or a
protonated alkanediamine. This unusual dissociation is
caused by the high hydrogen atom affinity of the
aromatic rings in the dibenzocrown ether ligand.
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