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Abstract

The dissociation chemistries of [M(L),]** (M=Mg, Ca, Mn, Fe, Co, Ni, Cu, Zn; L =acetamide; n=2-6) have been examined experimen-
tally by tandem mass spectrometry and theoretically by density functional theory (DFT). At low collision energies, three primary reactions
were observed: loss of acetamide to produce IM(L),—1?*; inter-ligand proton transfer followed by dissociation to form [M(L — H)(L),_,]*
and protonated acetamide, [L + H]*; and amide-bond cleavage, producing [M(NH,)(L),_;]* and [CH3CO]*. Dissociative electron transfer from
acetamide to the metal forming [M(L),_,]* and [L]’* was only observed for [Cu(L)24’3]°2+ complexes. At higher collision energies, complexes
containing deprotonated acetamide [M(L —H)(L),_»]* (except for [Cu(L —H)(L),_»]"*) further fragmented by eliminating small molecules
(H,O, CH;CN, H,C=C=0, HNCO) or by acetamide loss to produce [M(L — H)]*; product ions [M(NH,)(L),_]* either eliminated ammo-
nia to produce [M(L — H)(L),_»]* by inter-ligand proton transfer from one NH, group to another one, or lost acetamides to form [M(NH,)]*.
Collision-induced dissociations of [M(L — H)]* yielded three common product ions, [M(CH3)]*, [M(OH)]*, and M* by elimination of neutral
molecules, HNCO, CH;CN, and a neutral radical, (L — H)", respectively. Elimination of methane from [M(L — H)]* was only observed for M =Ca,
and elimination of the methyl group occurred for M=Co, Ni, and Zn. Copper complexes exhibited different chemistries; [Cu(L — H)(L)]™
fragmented to either produce [Cu(L)]* by elimination of (L —H)", or [Cu(HNCO)(L)]* by elimination of CH;"; [Cu(HNCO)(L)]* further
fragmented to produce [Cu(L)]* by elimination of HNCO. DFT calculations show that the gas-phase reactivities of [M(L),]>* complexes are
closely related to the second ionization energies (IE2) of the metals. For the doubly charged [M(L),]** species, as IE2 increases, fragmenta-
tions involving charge separation become more competitive: inter-ligand proton transfer becomes energetically more favorable than dissociation
of a neutral ligand, and amide-bond cleavage occurs more readily. For singly charged ions [M(L — H)L]*, for metals with low IE2 values,
loss of L has a considerably lower enthalpy than loss of (L — H)"; however, for metals with higher IE2 values, loss of (L — H)", which effec-
tively reduces the oxidation state of the metal, becomes energetically competitive with the loss of L. The enthalpies for eliminating methane
and the methyl radical from [M(L —H)]* (M=Ca, Mg, and Zn) have been calculated and correlate well with the experimental observa-
tions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

One of the major differences between solution-phase and gas-
phase chemistries is that the solvent stabilizes ions and hence
promotes ionic reactions [1]. Investigation of gas-phase ion sol-
vation provides a wealth of information on ion—solvent and
ion-ligand interactions [2,3]. This knowledge is of importance
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not only to gas-phase ion chemistry, but also to the condensed
phase, as ions solvated by a small number of solvent molecules
constitute a bridge between the gas phase and solution [4-6].
With the development of ionization methods that can introduce
solvated ions into a mass spectrometer and the application of
high-level quantum chemical theory, ion—solvent binding can
now be studied systematically [7-21].

Initial studies on metal-ligand complexes concentrated on
singly charged metal ions, M* [2,3]. Work on doubly charged
metal ions was limited to those that have low second ioniza-
tion energies (IE2) [22] because of inherent charge reduction
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associated with sequential ligation of M>* by solvent molecules
[6,23-25]. The IE of most common solvents are in the range of
8-13eV (e.g., acetone, 9.7 eV; methanol, 10.8 eV; acetonitrile,
12.2 eV; and water, 12.6 V), while the IE2 of most metals (with
the exception of some alkaline-earth metals, Ba, 10.0eV; Sr,
11.0eV; and Ca, 11.9eV) are above 13 eV [26]. Thus, electron
transfer from a neutral ligand, L, to a doubly charged metal ion,
M?* is typically energetically favorable and should occur spon-
taneously, followed by the dissociation driven by Coulombic
repulsion':

[M(L),]** — [M(L),—1]1" +L" 4))

If the ligand is a protic solvent, inter-ligand proton trans-
fer can also take place readily, leading to formation of
[M(L — H)(L),—»1*, and the protonated ligand, [L + H]*:

[M(L),]** — [M(L —H)L),—]" +[L + HIT )

These two channels are the only effective competitors to a third
channel, ligand elimination for small n, when L is a simple lig-
and, e.g., H,O [2,6,22,23,27-29].

IM(L),1** — [M(L),—11*" +L A3)

For ligands that are more complicated than water, other channels
involving dissociative charge reduction, e.g., formation of the
methyl cation, CH3*, have also been observed [30-33].

[M(CH3CN), *" — [M(CN)(CH3CN),_11" +CH3 ™"
and

[M(CH3SOCH3),]**
— [M(SOCH3)(CH3SOCH3),,—1]T + CH3™

Metal-ligand complexes can be generated by electrospray
ionization (ESI) and examined by mass spectrometry (MS).
Since the early 1990s, ESI-MS has become the most frequently
applied technique for the examination of gas-phase complexes of
divalent metal cations with a variety of protic and aprotic ligands
[7-13,29-47], including water [7-13,29,36-39,42-44], alco-
hols [39,40,45], acetone [8,39], other ketones [46], acetonitrile
[30,39—-41], pyridine [35,40], and dimethylsulfoxide (DMSO)
[36,37,39,47]. Fragmentations of M2+—ligand complexes, where
the ligand is an aprotic solvent (CH3CN, CH3COCH3 and
DMSO), have been studied extensively. Complexes [M(L),]**
(L=CH3CN, DMSO) where n is large, dissociate by loss of
neutral ligands. As the number of ligands is decreased, there
is competition between the electron transfer channel, form-
ing [M(L),—1]* and L* (reaction (1)), and inter-ligand pro-
ton transfer, forming [M(L — H)(L),—2]* and ([L+H]" (reac-
tion (2)). Heterolytic cleavage of the C—C bond yielding
[M(L — CH3)]" and CH3* is also observed in lower abun-
dance [30]. For [M(ROH), ]** (R = CH3, H), dissociative proton
transfer is favored over dissociative electron transfer, leading

! In some of the complexes [M(L),,]**, there are unpaired electrons while other

complexes are closed shell ions. In order to generalize, we simply omit spins.

to [M(RO)(ROH),,_»]* in high abundance. Collisionally acti-
vated [M(RO)(ROH),_»]* further fragments to produce small
ions, involving neutral loss and bond cleavage. For example,
at low collision energies, complexes [M(OH)(H,0)]" (M =Co,
Mn, Ni) fragment either to give [M(OH)]* by loss of water,
or to produce [M(H,O)]* by loss of a neutral radical, OH’
[48].

In this study, we investigate the fragmentations of dou-
bly charged metal-acetamide complexes in the gas phase.
Acetamide (CH3CONH)) is a typical protic solvent; the first
ionization energy is 9.65 £0.03 eV [26], lower than IE2 of all
metals. Itis an amide and is a good model for examining the inter-
actions of metal ions with peptides, which simpler protic sol-
vents, e.g., HyO [7-13,29,36-39,42-44] and CH30H [39,40,45]
cannot. Metal dication interaction with a ligand results in a dras-
tic reorganization of the charge density; withdrawal of electron
density from the ligand to the formally doubly charged metal
ion results in weakening and activation of specific bonds of
the ligand [49]. Thus, facile fragmentation of multiply charged
metal-ligand complexes is often observed, and the dissociative
processes that occur are frequently characteristic of a specific
ligand or functional group [49].

Here, we report the fragmentation chemistries of [M(L)n]2+
M=Mg, Ca, Mn, Fe, Co, Ni, Cu, Zn; L =acetamide), both
in terms of tandem MS results and DFT calculations. In order
to rationalize the reactivity, we systemically examine how the
IE2 of metals affect the fragmentation pathways of [M(L),1**
and [M(L —H)(L),—2]*. These results will provide a more
detailed picture of reactivity patterns. Collision-induced dis-
sociation (CID) of [M(L),]** produces high abundances of
[M(L — H)]* by inter-ligand proton transfer, followed by loss
of protonated acetamide, [L+H]*. The [M(L — H)]" ions can
further fragment by eliminating small molecules. We also
investigate the potential energy hypersurfaces (PESs) of com-
peting fragmentation pathways, involving the elimination of
a methane molecule or a methyl radical from [M(L — H)]*,
using density functional theory (DFT) calculations. The PESs
results are compared and contrasted with our experimental
observations.

2. Experimental section

Experiments were performed on MDS SCIEX (Concord,
ON) API I and API 3000 prototype triple-quadrupole mass
spectrometers. Samples were typically 1 mM acetamide and
0.1 mM divalent metal salts in 50/50 H,O/CH3OH. Con-
firmatory experiments were performed with solutions in
propanamide. When needed, H/D exchange experiments were
carried out in deuterium oxide (99.9 at.% in D, Aldrich) and
CH30D (99.5 at.% in D, Aldrich) instead of H,O and CH3OH.
The sample solution was introduced into the ion source by elec-
trospraying at a flow rate of 3 pL/min. The orifice and lens
voltages were optimized to produce abundant [M(L)n]ZJr ions.
All chemicals and solvents were available from Sigma/Aldrich
(St. Louis, MO). MS/MS experiments were performed by mass-
selecting the precursor ions using the first quadrupole mass
analyzer (Q1), colliding them with argon (API III) and nitrogen
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Table 1
Calculated ionization energies (IE, eV) of metals and acetamide at the B3LYP/6-
3114+G(d,p), compared with experiment results

Species Calculation Experiment [26] Difference
IE(Mg) 7.73 7.65 +0.08
IE(Mg*) 15.46 15.04 +0.42
1E(Ca) 6.15 6.11 +0.04
IE(Ca*) 12.08 11.87 +0.21
1E(Cu) 8.04 7.72 +0.32
IE(Cu*) 20.85 20.29 +0.56
IE(Zn) 9.43 9.39 +0.04
IE(Zn*) 18.38 17.96 +0.42
IE(CH3CONH3) 9.87 9.65+0.03 +0.22 £0.03

(API 3000) in the second quadrupole (q2), and mass-analyzing
with the third quadrupole (Q3). The laboratory collision energy
(E1ap) was typically 10-50eV.

3. Computational section

Geometry optimizations and energy calculations were per-
formed with Gaussian’98 [50], using the B3LYP exchange-
correlation functional [51-53] with the 6-311+G™" triply split-
valence basis set [54-57]. All stationary points were char-
acterized by harmonic vibrational frequency calculations. All
connections between transition states and corresponding min-
ima were verified using the intrinsic reaction coordinate (IRC)
method [58-59]. Relative enthalpies at 0K (A H) and relative
free energies (AG5gg) at 298 K are reported.

To test the reliability of the B3LYP functional and the basis
set, the ionization energies were calculated and compared to the
available experimental data. Table 1 gives the first and second
ionization energies of the metals, and the ionization energies
of acetamide. All calculated energies are in reasonable agree-
ment with measured energies. This indicates that the chosen
level of theory is adequate for calculating the doubly charged
M?2*_acetamide system.

4. Experimental results
4.1. Ion source condition

Electrospraying solutions of M(NO3), or MCl, with
acetamide, L, produces abundant clusters of the types, [M(L),,]**
and [M(NOs3, CI)(L),,]*. The values of n and m depend on
whether the ion sampling condition, the potential drop in the
lens region, is “gentle” or “harsh”. Under gentle source con-
ditions (where the potential drop is small) typically n is 4-6,
and m is 1-4. As the sampling conditions become harsher (the
potential drop is larger), ligand elimination reduces the maxi-
mum value of n; charge reduction via inter-ligand proton trans-
fer takes place in the source, leading to high abundances of
M@ —H)(L),—p1* and [(L), +H]*. When exploring the dis-
sociation of the [M(L),]**, it was expedient to fragment the
smallest precursor ion that was present with a reasonably high
abundance. For this reason, harsh conditions were sometimes
adopted for tandem MS experiments.

4.2. Collision-induced dissociation (CID) of[M(L)n]2+
complexes

In addition to ligand elimination (reaction (3)), the [M(L),]**
complexes exhibited charge reduction by inter-ligand proton
transfer (reaction (2)), and heterolytic cleavage of the amide
bond (CO—NH»):

[M(L),]*" — [M(NH2)(L),—1]" 4 [CH3CO]* “

[M(NH)(L),—1]" can further dissociate to produce [M(NH)]*
by losses of neutral ligands, or it can undergo inter-ligand proton
transfer from an acetamide to the amino group to produce com-
plexes [M(L — H)(L),,—2]" with concomitant loss of ammonia.
The [M(L — H)(L),—2]* complexes are also produced in reac-
tion (2). The fragmentation of [M(L — H)(L),—2]* complexes
provides us with the most useful insights into the factors influ-
encing the dissociation of ions [M(L),]?*.

4.3. Alkaline-earth metals: Ca, Mg

Of the metals examined, the alkaline-earth metals, Ca and
Mg, have lower second ionization energies (IE2) than the tran-
sition metals. Complexes [Ca(L),]** (n>3) lose only neu-
tral acetamide; no proton transfer or electron transfer was
observed. In the CID of [Ca(L),]**, dissociative proton transfer
(reaction (2)), giving [Ca(L — H)]* (m/z=98) and protonated
acetamide (m/z=60) closely competes with acetamide elimi-
nation (reaction (3)), giving [Ca(L)]** (m/z=49.5) (Fig. 1a).
As the collision energy increased, the products of amide-bond
cleavage (reaction (4)), [Ca(NH»)]* (m/z=56) and [CH3CO]*
(m/z=43), increased in abundance.? Another unusual feature,
not observed for any other divalent metal ion—acetamide com-
plex, was the loss of both acetamide molecules from [Ca(L)]?*
to give bare Ca* (m/z=20). The unusually abundant mono-
ligated Ca>* complex, [Ca(L)]*, signifies that the complex is
kinetically stable. In comparison, the CID of [Ca(H20)3]3+
produced very low abundance [Ca(H,0)]** and no Ca* [37].
At first glance, this may be puzzling in view of the facts
that IE(H,O0)=12.6eV >1E2(Ca)=11.87 eV > 1E(acetamide) =
9.65¢eV [26] (vide infra).

As discussed in Section 4.1, increasing the orifice voltage
results in the fragmentation of doubly charged ions to produce
abundant [M(L — H)(L),,—>]* in the lens region. Fig. 1b gives
the CID spectrum of [Ca(L — H)]* from the API III at a labo-
ratory collision energy of 20 eV. Formation of both [Ca(CH3)]*

2 At B3LYP/6-311+G"™ level, the amide bond dissociation enthalpy (AHg)
for acetamide is 91.1 kcal/mol, 12.3 kcal/mol higher in energy than that of the
H3C—C bond (78.8 kcal/mol). By contrast, the dissociation enthalpy of the
amide bond in [Ca(L)]?*, giving [Ca(NH)]* and [CH3COJ*, is 6.3 kcal/mol,
25.2 kcal/mol lower in energy than that of the H3C—C bond, giving [Ca(CH3)]*
and [NH,CO]J* (31.5kcal/mol). Thus, the DFT calculations show that in
[Ca(L)]**, the amide-bond cleavage is energetically more favorable than that
of the H3C—C bond, which is consistent with our experimental observation.
These results are in accordance with the interpretation that the dication, Ca?t,
selectively activates the amide bond in [Ca(L)]?, resulting in the amide-bond
cleavage.
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Fig. 1. CID spectra of (a) [Ca(L):]** at Ejp=40eV, (b) [Ca(L —H)]* at
Ejap =20eV on the API III under single-collision conditions with Ar, and (c)
breakdown curves for [Ca(L — H)]* and product ions.

(m/z=55) and [Ca(NCO)]* (im/z =82) requires C—C bond cleav-
age and these two products are most easily explained in terms
of an intermediate [(CH3)Ca(HNCO)]* complex, which may
either lose HNCO, yielding [Ca(CH3)]*, or undergo a 1,3-
proton shift to give [Ca(NCO)]* and CHy4. Energy-dependent
CID data (Fig. 1c) show the latter process is favored at lower
energies. These same two fragmentation pathways have also
been observed in the fragmentation of [Ca(urea — H)]* [60].
At much higher collision energies, ion [Ca(OH)]* (m/z=57)
is formed. A possible mechanism for the formation of this ion
involves a 1,3-proton shift from the NH of [Ca(L —H)]* to

the oxygen, followed by cleavage of the C—O bond to give
an intermediate complex, [(HO)Ca(NCCH3)]*, that eliminates
CH;CN; proton transfer between the incipient products® gives
[CH3CNH]* (m/z=42), an ion that is in low abundance at
high collision energies. It is noteworthy that the abundance of
product ion [CH3CNH]* from [Ca(L),]** is much higher than
that from [Ca(L — H)]*, and that fragmentation of [Ca(L)]**
does not produce the combination of [Ca(OH)]* (m/z=57) and
[CH3CNH]* (in/z =42) by intra-ligand proton transfer. This sug-
gests that, in the CID of [Ca(L)2]2+, the observed product ion,
[CH3CNH]*, is formed directly from the precursor ion: Intra-
ligand proton transfer from the amide nitrogen to the oxygen
atom induces C—O bond cleavage and leads to the combination
of [CH3CNH]* (m/z=42) and [Ca(OH)(L)]* (m/z = 116). Unfor-
tunately, [Ca(OH)(L)]* was not observed in the CID spectrum
of [Ca(L);]**, possibly due to its instability and/or the inter-
nal energy acquired from the charge separation reaction. The
fragmentation pathways observed for [Ca(L)3]** are outlined in
Scheme 1.

Dications of magnesium and calcium have the same outer
electronic configurations as inert gases and might be expected
to behave similarly. However, the IE2 of Mg (15.04 eV) is much
higher than thatof Ca (11.87 eV) [26], and generally, in collision-
induced dissociations a higher IE2 favors charge reduction.
Accordingly, the stability of [Mg(L)3]** is lower than that of
[Ca(L)3]?*; the major dissociation channel of [Ca(L)3]** is loss
of aligand to form [Ca(L);]**, while for [Mg(L)3]**, in addition
to ligand loss, inter-ligand proton transfer results in dissocia-
tive proton transfer yielding [Mg(L — H)(L)]* (m/z=141) and
[L+H]* (m/z=60) (Fig. 2a).

In a further illustration of the effect of a higher IE2, the
fragmentation pattern of [Mg(L);]** is substantially different
from that of [Ca(L)>]**. For [Mg(L)>]**, amide-bond cleavage
is the only operative reaction channel, producing singly charged
ions [Mg(NHo)(L)]* (m/z=99) and [CH3COl* (m/z=43);
no inter-ligand proton transfer or ligand elimination was
observed.

The CID spectrum of [Mg(L —H)(L)]* is shown in Fig. 2b
at a laboratory collision energy of 20eV. Loss of acetamide
to give [Mg(L —H)]* (m/z=82) is the dominant channel.
Formation of ions [Mg(CH3CN)(L —H)]* (m/z=123) and
[Mg(H,O)(L —H)]* (m/z=100) in low abundance are most
easily rationalized by proton shifts from the NH, of the neu-
tral ligand to the carbonyl oxygen, as outlined in Scheme 2.
Density functional theory calculations (Scheme 3) at B3LYP/6-
311+G(d,p) showed (L — H), essentially an acetylamino anion,
is di-coordinated through both the oxygen and nitrogen to Mg?*,
while the acetamide ligand, L, is mono-coordinated through the
oxygen. Intra-ligand migration of one amide hydrogen in L to
the carbonyl oxygen has a barrier of 54.1 kcal/mol and creates a
hydroxylimine coordinated to the Mg?* through the oxygen. The
complex in which the hydroxylimine is coordinated through the
imine nitrogen has a lower energy (by 19.3 kcal/mol) and rear-

3 Proton  affinity (PA)
186.2 kcal/mol [61].

of CaO=284.6kcal/mol>PA of CH3CN=
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Fig. 2. CID of (a) [Mg(L)_g]2+ at Ejpp=40eV, and (b) [Mg(L —H)(L)]* at
Ejap =20eV on the API III under single-collision conditions with Ar.

45.3 kcal/mol) than that against the formation of the complex,
and should, therefore, occur spontaneously.

Elimination of HNCO from [Mg(L — H)]* results in forma-
tion of [Mg(CH3)]* (m/z=39), an analogous reaction to that
observed for [Ca(L — H)]*; however, in contrast to the calcium
complex, the formation of [Mg(NCO)]* was not observed. In the
CID of [Mg(L — H)]*, C—O bond cleavage produced abundant
[CH3CNH]* (m/z =42) with concomitant loss of MgO4. Forma-
tion of [MgOH]" (m/z=41) requires a 1,3-proton transfer from
the incipient [CH3CNH]™ to the incipient MgO. The overall frag-
mentation pathways exhibited by [Mg(L)3]2+ are summarized in
Scheme 3.

4.4. Transition metals: Mn, Fe, Co, Ni and Zn

CID spectra of [M(L)3]2+ (M=Mn, Fe, Co, Ni, Zn) as
recorded on the API III at laboratory collision energies of
40eV were all very similar; by way of illustration, the spec-
trum for [Co(L)3]?* is shown in Fig. 3. The relative abundances
of the product ions for all the [M(L)3]** complexes are given in
Table 2. CID of these complexes (Scheme 4) displays again two
major fragmentation pathways, loss of a neutral ligand to form
[M(L),]** and inter-ligand proton transfer accompanied by dis-
sociation to produce two singly charged ions, [M(L — H)(L)]*
and [L + H]*. As discussed earlier, the second pathway involves
charge reduction and is expected to be favored for complexes of
metals that have high IE2 values. Again, ions [M(L — H)(L)]*
lose ligand L, to give [M(L — H)]*, and these ions have the
highest abundance in half the spectral results reported in
Table 2.

Three low abundance ions [M(CH3)]*, [M(NH»)]* and
[M(OH)]* were observed in the CID of [M(L)3]**. Ions
[M(NH;)]*, where M is Mn, Fe and Co, most likely origi-
nate from loss of L from [M(NH,)L]*; however, when M is

4 As alluded to earlier, the equivalent reaction is not favored in the CID
of [Ca(L —H)J]*; the difference may lie in the relatively low PA of MgO
(236 kcal/mol) [61].
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Fig. 3. CID spectrum of [Co(L)3)** at Ejap =40 eV on the API IIT under single-
collision conditions with Ar.

Ni and Zn, an additional source may be from [M(L — H)]* by
loss of HyC=C=0, involving intra-ligand proton transfer from
the methyl group to the imino group accompanied by cleavage
of the C—N bond.

As in [Mg(L)2]**, loss of a ligand from [M(L),]** to
give [M(L)]** was not observed. Instead, ions [M(L)>]**
undergo charge separation reactions to yield two singly charged
ions, [CH3CO]* and [M(NH,)(L)]*. Elimination of ammonia
from the latter ion gives [M(L — H)]*; and loss of the neu-
tral ligand from [M(NH;)(L)]™ produces the [M(NH)]* ion.
DFT calculations show that [Mg(NH3)(L — H)]* is lower than
[Mg(NH;)(L)]* in terms of enthalpy at 0 K by 20.7 kcal/mol, and
conversion from the latter to the former has a very low barrier
(AHo") of 7.7 keal/mol.

The primary dissociation channel of [M(L —H)L]* is
again the elimination of acetamide to yield [M(L —H)J*.
At low collision energies, several other dissociation chan-
nels were observed: elimination of H,O from [M(L — H)L]*
yields [M(CH3CN)(L — H)]*, involving two sequential hydro-
gen transfers and probably following similar pathways as shown
for [Mg(L —H)(L)]* in Scheme 3; elimination of HNCO,
H,C=C=0 and CH3CN from [M(L — H)L]* resulting in the for-
mation of [M(CH3)L]*, [M(NH;)L]*, and [M(OH)L]*, respec-
tively. These minor products can further fragment to give
[M(L — H)]*, with concomitant losses of the complementary
neutral parts, or to produce small product ions, [M(CH3)]*,

[M(L)s**

-L inter-ligand PT

M(L - HILT* + [L + HJ*
i
?C\ +
v [M(CHg)(L)]
[M(NH2)(L)I* + [CHsCOT* M(CHGONI(~ H)I” MIOHILT
L
L

KX
"ﬁ"ﬁn, & \)\O
) n

IM(NHZ)T* aif ANEEE ]:‘%*Cx[M(OH)]*
M
[

[CHsCNHJ*

- H,0

[(Co, Ni, Zn)HNCO)J* &
M(CHg))*

[(Co, Ni, Zn)(NH)T* 3

[CH3COJ*
*M = Mn, Fe, Co, Ni, Zn; PT: proton transfer; BC: bond cleavage

Scheme 4.

[M(NH,)]* and [M(OH)]*, respectively. The [M(X)L]* and
[M(X +H)(L — H)]* ions (X=CH3, NH, and OH) are simi-
lar in energies and are separated by relatively small barriers.
For M=Mg and Zn, the AH; of [M(X+H)(L —H)]* ions
and the conversion barrier from [M(X)L]* ions are, respec-
tively: X=NH,, M=Mg, —20.7 and 7.7 kcal/mol (see above),
M=Z7n, —9.9 and 17.7 kcal/mol; X=0H, M=Mg, —0.3 and
17.9 kcal/mol, M=Z7n, 7.2 and 28.1kcal/mol; and X=CHj3,
M=Mg, 0.8 and 37.6 kcal/mol, M =Zn, 28.6 and 60.6 kcal/mol.
[M(CH3CN)]" ions were only observed in the CID spectra of
ions with M =Ni and Zn.

Details of the CID spectra of the [M(L — H)]* ions (M =Mn,
Fe, Co, Ni, Zn) at Ej;, =20eV are shown in Table 3 and one
representative spectrum, that of [Co(L — H)]*, is given in Fig. 4.
Three common products, [M]*, [M(CH3)]* and [M(OH)]* were
observed, corresponding to eliminations of [L — H]", HNCO and
CH3CN, respectively. Loss of HNCO requires breaking the C—C
bond, as does loss of CH3'; retention of HNCO as the ligand
and loss of CH3" was observed in the CID of [M(L — H)]* com-
plexes of metals that have the higher IE2 values (Co, 17.06eV;
Zn 17.96eV; and Ni, 18.17eV). Furthermore, there appears
to be correlation with IE2, as the abundance was highest for
[Ni(HNCO)T*.

Table 2

Tons in the CID spectra of [M(L)3]** (L = acetamide) at Ej,p, =40 eV, under single-collision conditions

M IM(L)31%* ML -H)DL)T* [M(NH)(L)I* ML -H)I* ML), 1% [L+H]* [CH;COT*
Mg 34 17 47 100 100 17 65
Ca 16 0.5 2 54 100 13 19
Mn 19 10 40 100 48 25 50
Fe 18 14 46 100 25 65 69
Co?* 60 41 52 100 28 69 63
Ni 41 32 48 88 41 100 37
Cu® 41 12 25 n/a 20 28 40
Zn 42 50 82 94 11 68 100

a4 [Co(CH3)]*, 16%; [Co(CH3CN)(L — H)]*, 16%.
b [Cu(L)]*, 100%; [L]"*, 26%.



258 T. Shi et al. / International Journal of Mass Spectrometry 255-256 (2006) 251-264
Table 3
Tons in the CID spectra of [M(L — H)]* (L = acetamide) at E},, =20 eV, under single-collision conditions
M [M(L —H)]* [M(HNCO)]* [M(OH)|* [M(NHy)]* [M(CH3)]* [M]* [CH3CNH]* Other
Mg 100 n/a n/a n/a 27 1 3
Ca 100 n/a 5 n/a 48 4 n/a [Ca(NCO)]*, 22
Mn 100 n/a 60 n/a 20 15 11
Fe 100 n/a 58 n/a 33 8 16
Co 100 3 30 n/a 35 12 21
Ni 100 49 4 16 13 30 1
Cu n/a n/a n/a n/a n/a n/a n/a
Zn 100 32 21 6 12 28 n/a [Zn(CH3CN)]*, 4
As discussed earlier for the Ca complex, formation of 8 18% 100% =
. . . o
[M(OH)]* from [M(L — H)]* involves hydrogen migration from _uE [Zn(L - H)J* [Zn(HNCO)]®+ t::
the imino group to the oxygen atom, followed by C—O bond S 15%] 5 90% &
cleavage and loss of CH3CN. Mechanistically, this occurs most ] - é
easily if the (L — H) is mono-coordinated through the oxygen 8 12%1 [Zn(OH)]* F80% o
atom. For [Mn(L — H)]", the complex containing the transition = r =
. . . . . S 9% [Zn(CH,CN)]®+ 15 F70% 3
metal with the lowest IE2, and one in which mono-coordination b . =
is therefore probe'lbly most easily achieveq, this is the dominant 3?3 5% | ) ZnCHIT | 60% B
pathway. Interestingly, as IE2 of the metal increases, cleavage of @ s r 2
the C—C bond leading to loss of CHs' or HNCO, a reaction that % 3% | \ [Zn(NH,)]* 500 2
can occur from the di-coordinated complex, becomes the pre- = F §.
ferred pathway. Here, it should be noted that the final products E 0% : ~ - —- 40% 3
0 5 10 15 20 L

of this latter type of cleavage are both mono-coordinate.

Energy-dependent data for the dissociation of [Zn(L — H)]*
are given in Fig. 5. Formation of [Zn(HNCO)]*, [Zn(CH3)]*
and [Zn(OH)]* all start at similar energies, while formation
of [Zn(NH)]* and Zn™ requires higher energies. Formation of
[M(NH)]*, observed only in the CID of complexes of the met-
als with the highest IE2 values (Ni and Zn), requires hydrogen
migration from the methyl group of [M(L — H)]* to the imino
group, followed by elimination of CH,=C=0.

4.5. Copper

Copper has the highest IE2 (20.3 eV) of all transition met-
als; CID of its [Cu(L),]">* complexes display different types
of fragmentation pathways from the complexes of the dications

25000000 - [Co(L, - H)J*
17.0

» 20000000 A

Q

o

g

c 15000000 A

]

T

c

3

S 10000000 - [Co(CHI*

74.0 [Co(OH)]*
[CH,CNH]* e
5000000 | 29 Bt
50 [Co(HNCO)I*
1 l(:H_.cu}*n i
143.0
0 ¥ T 4 T ¥ T v |A T T x 1
20 40 60 80 100 120 140
m/z, amu

Fig. 4. CID spectrum of [Co(L —H)]* at Ej, =20eV on the API III under
single-collision conditions with Ar.

Energy (E,,., eV)

Fig. 5. Breakdown curves for [Zn(L — H)]" and product ions.

of other transition metals. In particular, charge-reduction path-
ways are more prevalent. Fig. 6a and b show the CID spectra of
[03Cu(L)4]?* and [*Cu(L)3]** at laboratory collision energies
of 40 eV, respectively. The MS/MS spectra for the analogous ions
of the copper isotope, > Cu, were used as aids to make definitive
identifications of all copper-containing ions. A summary of the
overall fragmentation pathways observed for [Cu(L)3]"** and
its product ions is shown in Scheme 5.
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Scheme 5.



T. Shi et al. / International Journal of Mass Spectrometry 255-256 (2006) 251-264 259

L +HJ*

2000000 - 600
2
uLy e+ [CuLl
© 1500000 DN
[} 1212
(%)
f=
1]
T
g 1000000 - [Cu(L - HyLy**
e} [Cu(HNCO)L)I* 1oz
<L 1672 (Cul
Le* [Cu(HNCO)]* [ [CutNH L) 12
500000 - fcicor # Cutoge (Cayor
[Cu(NH,)J** Hgotio
[CH,NHJo* cu R
0 31.0 550 #1916 1080
T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240
(a) m/z, amu
[CuL)I*
124.2
3000000 -
» 2500000 -
Q.
(3]
8 2000000 -
g
T 1500000 R
3 [Cu(ENCO)(L)T*
167.0
<t 1000000 - Cut [Cu(HNCO)I*
65.0
500000 - [Cu(CH,CN)I*
[Cu(NHy}* \'0940
820 105.A2A
0 A
T T T T T T T M T T T M 1
20 40 60 80 100 120 140 160 180 20
(c) m/z, amu

[Cu(L)]*
1242

2500000 -
(7]
[
o
s 2000000 -
(2]
c
]
& 1500000 -
=]
g H.COl [Cu(LyJe
1000000 1@ 4330] 121.2 [Cu(HNCO)L))*
[L+H] [Cu(HNCO)I* [Cu(L - HY(L)]**
e 5000 cucHen [C“(T:;_‘;”‘H" [CuL
500000 [H,N=C=0] (1;‘;‘; [Cu(L),1*** 183.0
hao rc.-mnln-'\ 1672 162
[CHNH, o ||/ alo y
o Lew il el ) )
T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
(b) m/z, amu
Cu*
65.0
5000000 -
[}
Q.
q 4000000 -
[
(4]
g
-g 3000000 -
s
<< 2000000 -
1000000 -
[Cu(NH*
[CH,COJ* 82,0 [Cu(CH,CN)I*
o 43.0 A |0/6\.2
T T T T T T T 1
20 40 60 80 100 120 140
(d) m/z, amu

Fig. 6. CID spectra of (a) [*Cu(L)4]"%* (Ejap =40 V), (b) [ Cu(L)3]" 2 (Eap =40eV), (¢) [ Cu(L — H)L]* (Ejqp =20eV), and (d) [ Cu(L)]* (Eja, =30eV) on the

API III under single-collision conditions with Ar.

Collision-induced dissociation of [Cu(L)s]"%* (m/z=
150.5) results in either loss of acetamide to give [%Cu(L)3]" %"
(m/z=121.0), or charge reduction by inter-ligand proton trans-
fer accompanied by dissociation to give [ Cu(L — H)(L),]">*
(m/z=241.0) and [L+H]*. At all collision energies,
loss of the neutral ligand was the dominant channel.
No [Cu(L)3]* (m/z=242.0) was observed, indicating
that charge reduction by electron transfer from a ligand
molecule to the metal ion, followed by dissociation did not
occur.

In the CID of [®Cu(L)3]"?*, loss of a neutral ligand
to produce [05Cu(L),]"** (m/z=91.5) is a minor channel
(Fig. 6b) and charge-reduction pathways predominate. The
products of dissociative proton transfer ([3Cu (L —H)(L)]™*
(m/z=182.0) and [L+H]*) are in slightly higher abun-
dance than those of the electron transfer reaction ([Cu(L),]*
(m/z=183.0) and [L]™* (m/z=759.0). Tons [M(L),]*, the prod-
uct of this last pathway, were not detected in the CID
spectra of any of the other [M(L)3]** complexes exam-
ined here. However, this type of reaction is common in
the complexes of doubly/triply charged metal ions contain-
ing aprotic solvents, such as DMSO [33,47], and acetoni-
trile [30], but is less prominent for protic solvent complexes
[29,40].

At higher orifice voltages, charge reduction reactions (proton
transfer and electron transfer) produce singly charged species
in the lens region. The CID spectrum of [65Cu(L—H)(L)]'+
(m/z=182) at laboratory collision energy of 20eV is shown
in Fig. 6¢c. Similar to the CID of [*®Ni(L —H)]*, two pri-
mary dissociation channels were observed: loss of the methyl
radical, yielding [©>Cu(HNCO)(L)]* (m/z=167); and elimina-
tion of the neutral (L — H)', resulting in formation of abundant
[%5Cu(L)]* (m/z= 124). No acetamide elimination was observed
from [65Cu(L—H)(L)]+. As the collision energy increased,
the product ion [Cu(HNCO)(L)]* further eliminated either
HNCO to produce [%5Cu(L)]* (m/z=124) or acetamide to give
[©SCu(HNCO)]* (m/z=108).

In the CID of [*Cu(L),]* (m/z=183), the dominant chan-
nel is the loss of acetamide, yielding [ Cu(L)]* (m/z=124).
The CID spectrum of [65Cu(L)]+ (Fig. 6d) shows several
products resulting from different dissociation pathways. The
major channel corresponds to elimination of the neutral lig-
and to produce ®Cu™. Ions of low abundance, [Cu(CH3;CN)]*
(m/z=106) and [Cu(NH3)]* (m/z=82), are formed via elimina-
tions of H,O and H,C=C=0, respectively. The minor product
[CH3CO]* (m/z=43) probably comes from either proton trans-
fer from [Cu(NH3)]* to ketene, or elimination of ®>Cu(NH;)
from [©>Cu(L)]*.
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Fig. 7. Potential energy hypersurfaces for inter-ligand proton transfer and elimination of acetamide from [M(L);]** complexes, where M =Ca, Mg, Zn: upper
numbers are AH(‘)’ and italicized lower number are AGSQS; both values are in kcal/mol.

5. Systemic theoretical studies

5.1. Charge reduction versus the second ionization
energies (IE2)

5.1.1. Inter-ligand proton transfer

Collision-induced dissociations of [M(L)n]2+ complexes
result in loss of a neutral ligand, when n is large (reaction
(3)). However, when n <3, charge reduction becomes impor-
tant, inter-ligand proton transfer accompanied by dissociation
(reaction (2)) to produce [M(L — H)(L)]* and [L + H]* competes
with ligand elimination. In the special case of [Cu(L)3]'2+, a
second charge-reduction channel, dissociative electron transfer
giving [Cu(L),]* and L™ (reaction (1)), occurs. These phenom-
ena parallel those observed in [Cu(H20),1%* [6,29,37]. In order
to compare the energetics of the ligand loss and dissociative
proton transfer channels, we have chosen to examine reaction
profiles for the fragmentation of [M(L),]**, where M = Ca, Mg
and Zn (Fig. 7).

In the [M(L),]** complexes, both acetamides are singly coor-
dinated to the metal through oxygen atoms. In the transition
states for proton transfer, one ligand is essentially detached from
the metal, a proton is migrating from the amide group of the other
acetamide, forming an amide anion, and this anionic nitrogen
is becoming coordinated to the metal. The dissociative proton-
transfer barriers (AHo") for [M(L),]** are Ca, 52.3 kcal/mol;
Mg, 63.6 kcal/mol; and Zn, 61.9 kcal/mol. These are 22.3, 40.9

and 54.9 kcal/mol lower than the corresponding dissociation
energies for neutral ligand loss. From this limited set of data,
we note that the energy difference between the proton transfer
barrier and the dissociation energy for neutral loss correlates
with the IE2 (see Fig. 8). As the ionization energy increases,
the energy differences, AAH; and AAG%g,, become larger,
which means that inter-ligand proton transfer is increasingly
more favorable relative to the loss of acetamide.

60

50 1 A AHOO

40 1
AAG

0
298
30 1

20 1

Energy difference (kcal/mol)

10
Ca Mg Zn

11 13 15 17 19
Second lonization Energies (eV)
Fig. 8. Energy differences (AAH;, AAH;y,) between the activation barri-

ers against proton transfer and the dissociation energies of acetamide loss for
[M(L)2]**, M=Ca, Mg and Zn; both values are kcal/mol.
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The dissociative proton-transfer barrier of 52.3 kcal/mol for
[Ca(L)]* is considerably higher than that of 33.3 kcal/mol for
[Ca(H,0)]** [62]. The higher barrier is probably due to a rel-
atively lower acidity of the amide hydrogen in the acetamide
complex versus the hydroxide hydrogen in the water complex.
In the lowest energy structure of [Ca(L),]**, the amide hydrogen
is attached to an atom that is y to Ca>*, whereas in [Ca(H,0)]*",
the hydroxide hydrogen is attached to an atom that is o to Ca*.
Indeed, proton transfer in [Ca(L)g]2+ 1S concurrent with coor-
dination of Ca®* by the amide nitrogen, which increases the
acidity of the amide hydrogens due to polarization by the dou-
bly charged calcium ion.

5.1.2. Amide-bond cleavage

A second charge reduction reaction in the CID of
[M(L),]?*, involving amide-bond cleavage, produces ions
[M(NH,)(L),—1]* and [CH3CO]*. Our experimental results
show that as IE2 increases, the amide-bond cleavage chan-
nel becomes more prominent. For example, the IE2 of Ca
is 11.67¢eV, 3.17eV lower than that of Mg at 15.04eV [26];
[Ca(L),]** dissociates to produce [Ca(L)]** by loss of a neu-
tral ligand, and no amide-bond cleavage was observed; by
comparison, [Mg(L),]** fragments to yield the singly charged
[Mg(NH,)L]* by amide-bond cleavage.

To model the dissociation of the C—N bond, we have chosen
to examine ions [M(L)]2+, where M =Ca, Mg, Zn, Ni, and Cu:

[ML)]** — [M(NHp)]" + [CH;COJ*

Fig. 9 shows the potential energy hypersurface of [Zn(L)]**
as a general illustration. Migration of Zn?* towards the nitro-
gen results in IM1, in which the metal ion is di-coordinated
by the oxygen and nitrogen atoms. Cleavage of the Zn—O
bond and elongation of the C—N bond results in [Zn(NH)]*
and [CH3CO]". The forward barrier of the dissociation reac-
tion, AHoi, is represented by TS2, which sits at 19.2 kcal/mol.
The products [Zn(NH,)]* and [CH3CO]J* are 53.8 kcal/mol
lower in enthalpy than [Zn(L)]?*. The reverse barrier, AHroi,
at 73.0kcal/mol is large and partially reflects the Coulombic
repulsion encountered in bringing the product ions from infin-
ity to re-form the doubly charged precursor ion. Details of the
other PESs are summarized in Table 4. It is evident that the reac-
tion enthalpy exhibits a negative correlation with IE2 (Fig. 10),
while the reverse barrier (AHroi, TS2-products) exhibits a pos-

Table 4
Enthalpies (in kcal/mol at 0 K) of structures on the potential energy profile for
cleaving the amide bond (CO—NH3) of ions [M(L)]**, where M is Ca, Mg, Zn,
Ni, Cu?

Structure Ca Mg Zn Ni Cu

Products, [M(NH,)]* + 6.3 —16.9 —53.8 —654 -75.9
[CH;COT*

Intermediate IM1 (M 22.2 12.7 6.1 6.1 10.9
attached to N and O)

Transition state, TS1 22.5 19.8 14.4 16.9 16.1

Transition state, TS2 55.8 39.0 19.2 28.4 30.3

 Structure numbers are taken from Fig. 9 and all enthalpies are relative to
ML)

N
3

«c006¢
IIz00

Fig. 9. Potential energy hypersurface for amide-bond cleavage in [Zn(L)]**:
upper numbers are AH;; and italicized lower number are AGj4q; both values
are in kcal/mol.

itive correlation (not plotted). All these results show that the
higher the value of IE2, the easier it is to cleave the amide bond
to give [M(NH;)]* and [CH3CO]*.

5.2. Dissociation of [M(L — H)(L)]* versus IE2

As alluded to earlier, increasing the orifice voltage promotes
dissociation of the doubly charged [M(L),]** complexes to give
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Fig. 10. Reaction enthalpy for amide-bond cleavage in [M(L)]?*, energy differ-
ence (AAH) between losing acetamide and (L — H)" from [M(L — H)L)]*,
and reaction enthalpy for eliminating the methyl radical from [M(L — H)]* vs.
IE2 for M =Ca, Mg, Zn, Ni, and Cu; all values are in kcal/mol.
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4

Fig. 11. Potential energy hypersurfaces for [Mg(L — H)]* dissociation: upper numbers are A Hy and italicized lower number are A G35, both values are in kcal/mol.

[M(L — H)(L)]* and [L + H]* in the lens region by inter-ligand
proton transfer. The [M(L — H)(L)]" ions dissociate by two path-
ways, elimination of acetamide to produce [M(L — H)]* and
elimination of a neutral radical (L — H)" to form [M(L)]*. We
have calculated the dissociation energies (A Hy and AG3gg) for
[M(L —H)L]* (M=Mg, Ca, Ni, Cu, Zn):

ML -HDL)]" - ML-H]T+L o)
[M(L — H)(L)]" — ML)+ (L —H) (6)

Except for M =Cu, the dissociation energies for formation of
[M(L — H)]* are lower than those for formation of [M(L)]*. In
the complex [M(L —H)L]*, the ligand L is coordinated only
through the oxygen, while (L — H) is di-coordinated through
both the oxygen and nitrogen atoms. Hence, dissociation of L
occurs at lower energies.

To evaluate the extent of IE2 of the metal affects the dis-
tribution of product ions, [M(L — H)]* and [M(L)]*, the energy
differences (A A Hy) were calculated and are plotted against IE2
of the metals (also in Fig. 10). Interestingly, the energy differ-
ence decreases as the IE2 of the metals increases. In the complex
[M(L — H)(L)]*, the metal is formally M(II) and formation of
[M(L — H)]* does not involve reduction of M; decomposition
to [M(L)]* requires reduction from M(II) to M(I). The latter
process will be energetically favored for metals with a high sec-
ond ionization energy. Thus, complexes [M(L — H)L]" (except
when M = Cu) fragment to produce [M(L — H)]* by loss of the
neutral ligand; the copper complex is the exception because of
the high IE2 of the copper.

5.3. Elimination of a methyl group or a methane molecule
from [M(L—H)]* (M = Ca, Mg, Zn)

Collision-induced dissociations of the [M(L —H)]* com-
plexes lead to cleavage of the C—O or the C—C bond. For
complexes containing transition metal ions, the abundances
of ions formed by cleaving the C—C bond ([M(CH3)]* and
[M(HNCO)"), relative to those formed by cleaving the C—O
bond ([M(OH)]* and [CH3CNH]") increase dramatically with
the IE2 of the metal. Only for M = Ni is there evidence of cleav-
ing the C—N bond. The calcium complex, [Ca(L — H)]* displays
a different reactivity, elimination of a methane molecule to form
[Ca(NCO)]*. To illustrate the reaction mechanisms for the two
dissociation channels involving breaking the C—C bond, the
potential energy hypersurfaces of [M(L —H)]* (M =Ca, Mg,
Zn) have been investigated. The PES for M =Mg is shown in
Fig. 11; the enthalpies of the products and highest-energy tran-
sition states for ions containing Ca, Mg and Zn (relative to
[M(L — H)]* at 0K) are given in Table 5.

In the initial complex, structure I, the metal binds to both
the nitrogen and to the oxygen. Rotation of the carbonyl group
away from the metal ion, via TS(I — II), results in isomerization
to structure II. Stretching the C—C bond of structure II, leads
to C—C bond cleavage and formation of M—C bond, producing
structure III, [M(CH3)(HNCO)]*. When M is Zn, structure ITI
has the lowest energy on the reaction profile. Structure ITI may
eliminate a methyl radical to yield [M(HNCO)]'* (products V)
or lose neutral HNCO to yield [MCH3]* (products VI). A third
competitive pathway involves a 1,3-proton transfer from NH to
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Table 5

Enthalpies (in kcal/mol at 0K) of structures at critical points on the potential
energy profile for cleaving the C—C bond of ions [M(L — H)]*, where M is Ca,
Mg or Zn*

Structure Ca Mg Zn

Product VI, [M(CH3)]* + HNCO 69.1 49.3 18.8
Product VII, [M(NCO)]* + CHy4 24.8 37.8 33.8
Product V, [M(HNCO)]"* + CH;" 95.8 70.6 48.9
Product X, [M(OCNH)]"* + CH3" 88.7 65.2 49.8
Intermediate VIII (M attached to O) 34.2 46.9 38.7
Intermediate IT (M attached to N) 40.5 42.8 26.5
Intermediate IIT 48.2 18.2 —16.6
Intermediate IX 42.4 12.6 —15.6
TSI — III) 56.0 52.2 47.0
TS(VIII — IX) 64.3 67.1 69.2
TSII — IV) 524 50.3 44.6

? Structure numbers are taken from Fig. 11 and all enthalpies are relative to
[M(L —H]*.

the methyl group in structure III making a H3;C—H bond, and is
accompanied by a significant elongation of the M—C bond, to
give structure IV. Cleavage of the weak M—C bond in structure
IV yields the final product VII, [M(NCO)]*, with concomi-
tant loss of CHy. Alternatively, it could be the C—N bond of
structure I that breaks resulting in structure VIII. Elongation of
the C—C bond of structure VIII, via TS(VIII — IX), produces
structure IX. This ion may eliminate a methyl radical to yield
[M(OCNH)]'* (products X) or lose HNCO to yield [MCH;3]*
(products VI).

On every potential energy hypersurface, the barriers to
formation of structure III are lower than those to struc-
ture IX. The activation barriers (AHoY) via TS(VIII — IX)
are, for M=Ca, 64.3kcal/mol; Mg, 67.1kcal/mol; and Zn,
69.2 kcal/mol. By comparison, the barriers via TS(II — III) are
56.0, 52.2, and 47.0 kcal/mol, respectively. Hence, fragmenta-
tion most probably follows the pathway on the right via structure
III.

Starting at structure III, the activation barriers (AHph)
against eliminating methane are, for M=Ca, 4.2kcal/mol;
Mg, 32.1kcal/mol; and Zn, 61.2 kcal/mol. This indicates that
once structure IIl is formed, the likelihood of eliminating
methane from structure IIT is Ca» Mg>Zn; experimentally,
[Ca(L — H)]* is the only complex that eliminates methane. One
problem with this analysis is that TS(II — III) is slightly higher
in energy than TS(IIT — IV) (by between 2 and 4 kcal/mol) and
formation of CH4 might be expected to occur for each complex.
The largest difference is when M is Ca, again the only complex
that loses CHy.

For elimination of a methyl radical, there are three possible
dissociation pathways. Structure I may directly lose the methyl
radical to produce [(M)(HNCO)]'™*; or, in two-step processes,
structure I may isomerize to either structure III or IX, and
then fragment to give [(M)(HNCO)]™* or [(M)(OCNH)]"*. The
energies of the products, CH3" and [M(HNCO)]* are higher
than those of the transition states involved in their forma-
tion, i.e., the barriers against formation of these products are
determined by the overall endothermicities of the reactions.
On the [M(L —H)J* surfaces, when M is Ca and Mg, the

products, V, are 39.8 and 18.4 kcal/mol above TS(II — III)
and experimentally no [M(HNCO)]'* was observed; how-
ever, when M is Zn the difference is only 1.9 kcal/mol and
[Zn(HNCO)]'* was observed. In the formation of [M(HNCO)]™*
and CH3;  from [M(L — H)]*, the metal is formally reduced
from M(I) to M(I); consequently, the calculated enthalpies for
these endothermic reactions are inversely related to IE2, that is
Ca>Mg>Zn>Ni>Cu (Fig. 10).

6. Conclusions

Doubly charged [M(L),]** complexes, when collision-
ally activated, lose neutral ligands without loss of charge.
As the number of ligands becomes small, charge reduc-
tion occurs either by dissociative inter-ligand proton trans-
fer, producing [M(L —H)(L),—2]" accompanied by loss of
protonated acetamide, [L+H]*, or by amide-bond cleav-
age resulting in [M(NH,)(L),—1]* and [CH3CO]*. Electron
transfer from the ligand to the metal, resulting in forma-
tion of [M(L),_i]* and [L]™* was only observed in the
[Cu(L)2,3]2+ complexes. At higher collision energies, com-
plexes [M(L —H)(L),—2]* (except when M is Cu) frag-
ment to produce [M(L —H)]* by eliminating neutral lig-
ands, or by eliminating small molecules (H,O, CH3CN,
H,C=C=0, HNCO) to yield [M(CH3CN)(L —H)(L),—3]*,
[M(OH)(L),—2]", [M(NH2)(L),—2]", and [M(CH3)(L),—2]",
respectively. These product ions further fragment to give
ML — H)]*. [M(NH,)(L),,_]* either loses ammonia to pro-
duce [M(L —H)(L),—»]* by inter-ligand proton transfer, or
loses acetamide to give [M(NH;)]*. Collision-induced dis-
sociation of [M(L —H)]* yields two common product ions,
[M(CH3)]* and [M(OH)]* by elimination of neutral molecules,
HNCO and CH3CN, respectively. Elimination of methane from
[M(L — H)]* was only observed for M = Ca, and elimination of a
methyl group occurs for M =Co, Ni, and Zn. [Cu(L — H)(L)]™
fragments either to produce [Cu(L)]* by eliminating the neu-
tral radical (L —H)’, or by eliminating the methyl radical to
form [Cu(HNCO)(L)]*, which dissociates into [Cu(L)]* and
HNCO.

The value of IE2, an indicator of the affinity of M>* for elec-
trons within a complex, influences the type and correlates with
the extent of fragmentation chemistries that occur. Density func-
tional theory calculations show that as IE2 of the metal increases,
inter-ligand proton transfer becomes energetically more favor-
able than ligand loss in the CID of [M(L),]** for small n, in
accordance with experimental observations. In addition, in a
second charge reduction reaction that involves cleavage of the
amide bond, the dissociation enthalpy again correlates with the
IE2 of the metal. The higher the IE2, the more exothermic the
reaction and the lower the activation energy becomes.

For [M(L —H)L]*, as IE2 increases, the difference in disso-
ciation energies for the formation of [M(L — H)]* and [M(L)]*
becomes smaller; this means producing [M(L)]* by eliminating
(L — H) becomes viable. Cu has the highest [E2 of these metals
and fragmentation of [Cu(L — H)(L)]™* results in only [Cu(L)]*
with concomitant elimination of (L — H)"; no [Cu(L — H)]"* was
observed.
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In the CID of [M(L — H)]*, [Ca(L — H)]* is unique in that
it eliminates methane to form [Ca(NCO)]*; other complexes
where M is Co, Ni or Zn eliminate the methyl radical to
produce [M(HNCO)]*. Calculated activation barriers in the
potential energy hypersurfaces for eliminating methane and the
methyl radical from [M(L — H)]* (M =Ca, Mg, Zn) are consis-
tent with experimental observations. The endothermicity of the
methyl radical loss channel, giving the charge reduced species
[M(HNCO)T*, correlates well with the IE2 of the metal in the
complex [M(L — H)]*.
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