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Complexes of Mn" with 1,10-phenanthroline (phen) and 2,2'-bipyridine (bipy) are investigated by means of electrospray
ionization (ESI) mass spectrometry. Under the conditions used, [MnL,J?* with n = 2 and 3, [MnL,CI]* with n =
0-2, and [Mn,LCls]* with n = 2 and 3 are produced (where L = phen or bipy). The collision-induced dissociation
(CID) spectra of the mass-selected ions show various dissociation pathways, most notable among them is the
reduction of the ligated Mn" to Mn' by intracomplex electron transfer. CID experiments of mixed-ligand complexes
formed upon ESI from solutions which contain both phen and bipy exhibit preferential eliminations of bipy, indicating
that bipy is a significantly weaker ligand for Mn'" than phen. This effect is mainly attributed to the flexibility of the
bipy ligand concomitant with thermodynamic control in ion dissociation. To support this hypothesis, mixed complexes
with some methylated derivatives as well as those containing 4,5-diazafluorene (daf) are examined also. Interestingly,
the differences between the ligands diminish in charge-separation reactions of dicationic Mn" complexes, due to
the joined operation of thermodynamic as well as kinetic effects. In addition, the complexes [Mn(bipy)[*, [Mn(phen)]*,
[Mn(bipy)I?*, [Mn(phen)]?*, and [Mn(bipy)(phen)J?* are computed using the mPW1PW91 hybrid density functional
along with the Stuttgart—Cologne-type pseudopotential and basis-set suite, and relative energies for charge-separation
reactions and losses of neutral ligands are evaluated.

provide two sp-hybridized nitrogen atoms whose in-plane,
unshared electron pairs may act cooperatively in binding

1. Introduction

The cationization of neutral solvent molecules by associa-
tion with metal cations has received great attention over the (6) Schilt, A. A.J. Am. Chem. S0d.963 85, 904-908.
past few years both from the experimental and from the (7) Mason, S. F.; Norman, B. Chem. Phys. Letl196§ 2, 22-24.

. : . T 8) Ogura, K.; Urabe, H.; Yosino, Electrochim. Actal977, 22, 285~
theoretical points of view? Electrospray ionization (ESI) (6) Ogura rabe osino, Tectiochim. A¢
developed by Yamashita and Féfias provided an easy

access to multiply charged ions in the gas phase and thus(lo)
has been extremely helpful in the characterization of multiply
charged ions generated from large, native solvation shells(1D)

present in solution.

287.
(9) Zhang, C.; Haruyama, T.; Kobatake, E.; Aizawa,Ahal. Chim. Acta
2000 408, 225-232.
Bencini, A.; Bianchi, A.; Fornasari, P.; Giorgi, C.; Paoletti, P.;
Valtancoli, B. Polyhedron2002 21, 1329-1335.
Kar, S.; Miller, T. A.; Chakraborty, S.; Sarkar, B.; Pradhan, B.; Sinha,
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Trans.2003 2592-2596.

The nitrogen heterocycles 1,10-phenanthroline (phen) and(12) Katta, V.; Chowdhury, S. K.; Chait, B. T. Am. Chem. Sod.99Q

2,2-bipyridine (bipy) are among the most widely utilized
chelate ligands in coordination chemistry both in the liquid
phasé ! as well as in the gas pha¥e?! These ligands
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cations?22® Although phen and bipy have very similar

structures, there is a difference between their chelating ability,

which is mostly attributed to the different geometry of the
free moleculeg* 26 With the discovery that transition-metal

complexes of phen and bipy are capable of site-specific DNA

interactions through external binding, groove binding, or

Tsierkezos et al.

ESI mass spectrometry with particular attention to the
similarities and differences of these two prototypical nitrogen
chelate ligands. The experimental findings are complemented
by density functional theory calculations.

2. Experimental and Computational Details

intercalation, new fields of applications have emerged which  Apparatus and Procedures.The experiments were performed

include biology and medicin& 0

with a VG BIO-Q instrument which consists of an ESI source

The divalent manganese cation forms complexes with followed by a mass spectrometer of QHQ configuration (Q

several ligands in aqueous solutions, but the equilibrium

constants are low compared to those of other dications (e.g.,

Fet, Co*t, Ni?t, and C@") because of the larger radius of
Mn2* (75 pm). The ionization energy of Mnamounts to
15.64 eV3 hence, not surprisingly, partially or nonsolvated

quadrupole, H hexapole) as described elsewtfet-or each ion

of interest, the instrument parameters were optimized for maximum
ion abundances. Typical adjustments were capillary voltage 3.6 kV,
HV lens (counter electrode) 30 V, cone voltage™ V, RF lens

0.1 V, skimmer 1.0 V, and skimmer-lens offset 5 V. In the

experiments, millimolar solutions of MngWere introduced via a

dication complexes of manganese can undergo chargesyringe pump (flow rate of L/min) to the fused-silica capillary

reduction via intracomplex electron transfer from the ligand
to Mn?*, with the dication complexes becoming less stable
with decreasing siz& Complexes of MA™ with organic

of the ESI source. Nitrogen was used as nebulizing and drying gas
at a source temperature of 98. The mass rangen(z) examined
in this study was usually 361000.

molecules in the gas phase have been investigated by many Collision-induced dissociation (CID) experiments were per-

researchers in the last years using ESI mass spectrothiétry.
Little information exists, however, on the complexation of
Mn?* by phen and bipy in the gas phase. Vachet and
Callahar? focused on monocationic complexes of the type
[MnL,CI]* with L = phen and bipy? Here, we report on
the complexation ability of phen and bipy toward Mimsing
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formed with xenon at various collision energi€g, = 0—70 eV)

at a collision gas pressure of ca.x3104 mbar. The laboratory
collision energies were converted to the center-of-mass frese,

= Znm/(M + m)]Ean, Wherezis the ion’s charge anch andM are

the masses of the collision gas and the ionic species, respectively.
For CID, the ions of interest were mass selected using Q1,
interacting with xenon in the hexapole collision cell, while scanning
Q2 to monitor the ionic fragments. As pointed out previoudély,
the VG Bio-Q does not allow quantitative threshold information
to be extracted directly from CID experiments because of several
limitations of the commercial instrument. EvenE, = 0 eV, for
example, nonnegligible ion decay is observed for weakly bound
ions which is in part attributed to the presence of collision gas not
only in the hexapole but also in the focusing regions between the
mass analyzers. To a first approximation, however, the energy
dependence of the CID spectra can be reproduced quite well by a
sigmoid functiori® which allows extraction ofsome semiguantitative
information about the energetics of the ions examined. In the present
paper, a more phenomenological approach is used which is
sufficient to order the coordination abilities of phen and bipy to
Mn2+,

Ligated Mr?* ions were generated from solutions of MaCl
x 1074 mol-dm~3) in 1:1 mixtures of water/methanol containing
(a) 1,10-phenanthroline (5 10~ mol-dm™3), (b) 2,2-bipyridine
(5 x 10 mol-dm=3), and (c) an equal concentration of 1,10-
phenanthroline and 2;bipyridine (5 x 10~4 mol-dm=3). All of
the solutions were prepared by weight with an accuracy@D001
g. Similar conditions were applied to produce 'Moomplexes with
4 ,5-diazafluorene (daf).

Materials. Methanol (Fluka,>99.9%) was spectral grade. The
water was doubly distilled, and the specific conductivity was lower
than 0.40uS-cm at 20 °C. Compounds 1,10-phenanthroline
(Acros Organics;>99.0%), 2,2bipyridine (Sigma,>99.0%), and
manganese chloride tetrahydrate (Aldrich99.99%) were used
without further purification.

Compound 4,5-diazafluorene was prepared from 1,10-phenan-
throline in two steps. At first, 4,5-diazafluoren-9-one was synthe-

(44) Schider, D.; Weiske, T.; Schwarz, Hnt. J. Mass Spectron2002
219 729-738.

(45) Tsierkezos, N. G.; Schder, D.; Schwarz, HJ. Phys. Chem. 2003
107, 9575-9581.

(46) Schrdler, D.; Engeser, M.; Brestrup, M.; Daniel, C.; Spandl, J.; Hartl,
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sized according to a method described by Plater €t dlo this

end 1,10-phenanthroline (2 g, 0.011 mol) and KOH (2 g, 0.036
mol) were dissolved in distilled water (150 mL) and brought to
reflux. A hot aqueous solution of KMnd5 g, 0.032 mol, 80 mL)
was added dropwise ov2 h with stirring. After removal of Mn@

the filtrate was cooled, extracted with chloroform, and dried over
anhydrous MgSQ) and the solvent was removed at reduced
pressure. Recrystallization from acetone yielded 0.5 g (25%) of
yellow crystals of 4,5-diazafluoren-9-one: mp 24213 °C. H
NMR spectrum (400 MHz, CDG): dy 8.81 (d, 2H), 7.99 (d, 2H),
and 7.35 (dd, 2H) was in good agreement with the literature
values*® The subsequent reduction to 4,5-diazafluorene was
performed following a method described by Thummel efalo

this end, a mixture of 4,5-diazafluoren-9-one (0.15 g, 0.0008 mol)
and hydrazine hydrate (0.07 g, 0.0014 mol) was heated at@10
for 6 h; after cooling, the mixture was extracted with £}, dried
over anhydrous MgS§) and concentrated. Chromatography on
silica gel with ethyl acetate as the eluent yielded 0.030 g (23%) of
4 5-diazafluorene, whose structure was confirmed!dyNMR
spectrometry (400 MHz, CDg)t dy 3.86 (s, 2H), 7.29 (dd, 2H),
7.87 (d, 2H), and 8.73 (d, 2Hy.

Computations. The density functional theory (DFT) calculations
were carried out utilizing the Gaussian 03 program pacRagad
themPW1PW91 hybrid density functiortAas employed through-
out. Studies of Porembski and Weissi&&t suggest that this

method is more suitable to describe coordinatively unsaturated

transition-metal compounds than the commonly employed B3LYP
approach* This is especially true for transition-metal arene
complexes$? where charge-induced ierlipole and ior-quadrupole
interactions play a crucial roR8.The atoms were described by the
single-particle basis sets of Dolg and colleagt/ié8The basis sets

of carbon and nitrogen were augmented by one d-polarization
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function with exponents of 0.75 and 0.80, respectivélyor
hydrogen, Dunning’s polarized doublebasis set was usé8The
inner core electrons of the non-hydrogen atoms (1s for C and N
and 1s2s2p for Mn) were replaced by the corresponding relativistic
pseudopotentials. All of the local minima were verified through
analysis of the Hessian matrix. Energies are corrected for zero-
point vibrational energy contributions.

3. Results and Discussion

The focus of this paper is on mixed complexes of'Mn
with bipy and phen ligands. At the outset, however, a brief
description of the types of complexes formed with either one
of these ligands and their general fragmentation patterns is
given.

3.1 Complexes of MAt with either phen or bipy.
Solvated gaseous cations formed upon ESI-MS of water/
methanol mixtures which contain MnCind a 5-fold excess
of 1,10-phenanthroline or 2;bipyridine were in both cases
of the same general type. Prevalent complexes correspond
to the dications [Mnk]?" with n = 2 and 3, the monocations
[MnL.CI]" with n = 0—2, and the chloro-bridged clusters
[Mn,LCls]™ with n= 2 and 3 (where [= phen or bipy). In
addition, complexes of the general formula [MnL(€H
OH).CI]* (with n = 1 and 2) were observed, which are not
pursued any further. Notably, the type of the ions formed
upon ESI differs from what would have been expected based
on the solution chemistry of these manganese species. In
solution, phen and bipy are stronger ligands than @hd a
predominance of the dications [MfB" has been demon-
strated® In the gas phase, however, solvent molecules do
not exist to stabilize the Clions; thus, the Coulombic inter-
actions between the counterions and?Mare stronger than
the dative electron-sharing interactions between the metal
cation and the neutral molecules phen or bip#s a conse-
quence, both the dications [MRE" as well as the mono-
cations [MnL,Cl]* are observed in the gas phase. In addition,
the ESI spectra of the Mng&kolutions in the negative ion
mode reveal that ions of the general type [@hn+1]~ (with
n = 1-—3) prevail among the anionic species.

The overall appearance of electrospray mass spectra is
heavily affected by the conditions of ionization. One of the
most decisive parameters is the cone voltade (vhich
determines the amount of collisional activation of the ions
formed initially from the electrospray during the transfer to
the high-vacuum system. At low voltages, ionization is
gentle, and the observed gaseous ions include species that
exist in the liquid phase. At higher cone voltages, the
observed ions result from multicollisional fragmentation
reactions. Specifically, the ESI spectra display the formation
of gaseous ions [Mnd]?", [MnL,Cl]*, and [MnpLsCls] ™ in
a cone voltage region dfl; = 0—20 V, while [MnL;])?",
[MnLCI]*, and [MnL,Cl3]" prevail atU. = 30—40 V.
Above U; = 50 V, the diatomic cation MnCl and the
reduced complex [MnLf] appear as new products, and finally

(58) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, Mol. Phys.
1993 80, 1431-1441.

(59) Dunning, T. H., JrJ. Chem. Phys197Q 53, 2823-2833.
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The dominant process observed upon CID of the mono-
cations [MnL.CI]* (n = 1, 2) corresponds to the elimination
of neutral ligands to finally yield diatomic Mn€l At the
stage of [MnLCI}, homolysis of the Mr-Cl bond also
occurs at elevated collision energies yielding the correspond-
ing monoligated Mhcomplex (reaction 3).

(@) E, = 1.8 eV [Mn(bipy).]*"

Rel. Intensity

[Mn(tlnipv)zl“ [MnLCI] " — [MnL] "+ Cl (3)

50 100 150 200 250 300 Upon CID of the mass-selected binuclear complexes

m/z [Mn,L3Cl3], ligand loss is observed exclusively. At the stage
. of [Mn,L.Cl3] ", however, cluster degradation leads to neutral
(b) Eoy = 120V [Mnibipy)] MnCl; concomitant with the formation of [MniCI] ™ (reac-
tion 4).

10X % (vnoipy) [Mn,L,Clg] " — [MnL,CIl* + MnCl, )

Rel. Intensity

[Mn(bipy)I** : N
The resulting mononuclear complex [MsCl]* then

[Mn(oipy)] undergoes the fragmentation already described above. In
| analogy to a related study of binuclear Ni(ll) comple&es,
50 100 150 200 250 300 occurrence of reaction 4 suggests that the binuclear cluster
m/z is chloro-bridged with an nonsymmetrical distribution of the
Figure 1. CID spectra of mass-selected [Mn(bigly) at variable collision ligands, that is, [eMn(u-Cl),MnCI]*. At first sight, it might

energies Ecm in eV). Note that the stoichiometry of reaction 2 suggests e P .
the formation of equal amounts of [Mn(bipy)hnd bipy, whereas much  APP€ar surprising that these chlorine-rich blnuclt_aar complexes
more [Mn(bipy)]* is observed experimentally because of increased scattering are formed in the presence of an excess of bipy and phen,

of ﬂ;e lighter blipY fragment as a result of the energy released in the respectively. A chemically intuitive rationale is provided by
Coulombic explosion. consideration of the charge balance of heterolysis in solu-

bare Mrt prevails at high cone voltages{> 70 V). Failure  tion.** Thus, when MnGlforms the dication [Mnk]", two
to observe a peak corresponding to the monoligated dicationchloride ions are liberated which can be bound by the metal
[MnL] 2+ in the ESI mass spectra is not too surprising. Most halide present in solution to yield the MBlx1~ species,
probably, the [MnL}* dications are effectively depleted by which are indeed observed upon ESI in the negative-ion
electron transfer from the ligand to manganese followed by mode (see above). If [Mnf}** and MnCk~ happen to be
charge-separation reactions occurring in the cone regionPresentin the same droplet, iefon recombination is likely
where additional solvent molecules are still pre<ént. to occur upon shrinking of the droplet in the course of
Gas-phase decomplexation of the solvatec?Mrations successive evaporation of the solvent. This scenario accounts
is probed by means of collision-induced dissociation using duite well for the observation of this particular type of
xenon as a collision gas. The CID spectrum of mass-selectedinuclear cluster as well as the proposed unsymmetrical
[MnL 3]2* shows successive eliminations of ligands according Pattern of phen/bipy and chlorine ligands.
to reactions 1a and 1b until the formation of the monoligated 3.2 Mixed-Ligand Complexes of MA'. For an investiga-

bipy*
.

dication [MnLJ?*. tion of the competition between phen and bipy in the ligation
of Mn", solutions of MnC} in water/methanol mixtures
, ”t f Mn" luti f MnC{ i /methanol mi
MnLg]"" — [MnL,]"" + L (1a)  which contain equal amounts of both phen and bipy were
2 ot subjected to ESI-MS. In addition to the complexes of'Mn
[MnL] ML+ L (1b) which only contain either phen or bipy, the source spectra
[MnL2]2+—>[MnL]++ Lt ) at variable cone voltages revealed reasonably abundant

signals of the corresponding mixed complexes.

As an example for the fragmentation behavior of the  Upon CID of the mass-selected dications [Mn(bipy)
multiply solvated dications, two CID spectra of [Mn(biglf) (phen)f™ and [Mn(bipy)(phen)?t, respectively, the elimina-
are shown in Figure 1. At low-collision energldu ~ 1.8 tion of bipy (reactions 5a and 6a) predominates over that of
eV, Figure 1a), elimination of the first bipy ligand takes phen (reactions 5b and 6b).
place. At elevated collision energy (Figure 1b), the CID
spectrum reveals the elimination of a second bipy ligand and (61) HI:Jsh, N. S.; Cheung, A. S.; Hilton, P. R Electron Spectrosc. Relat.
Zggltlonal signals corresponding to bipgnd [Mn(blpy)]* g62) Ilillaﬁgrcjm\]:12.7;5T31’rr?§s_l§.0\(/)\j?araday Discuss. Chem. Sdt972 54,

products of an electron-transfer/charge-separation process ~ 149-167.

(reaction 2) which can be attributed to the fact that the (63) ZTS(i)irI;e?)zgségN-;.Z‘a-; Schder, D.; Schwarz, Hint. J. Mass Spectrom.
. . . 1 ) .
ionization energy (IE) of Mh (15.64 eVj*largely exceeds g4y Trage, C.: Schier, D.; Schwarz, HChem—Eur. J.2005 11, 619

those of phen (8.30 e¥)and (8.35 eV}? 627.
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Losses of phen are observed only at increased collision . i i . X
energies, but even then the elimination of bipy predominates. 0 2 4 6 8 10 12
These results demonstrate that the binding of Mo phen
is considerably stronger than to bip{#.This finding can be . _ _
attributed to the different flexibilities of the free ligands. It = 9 2 [Tf&ﬁiﬁfy ;?gh'g;;gs (()fj)’hgg da'}ﬁﬂﬁ'{i,‘i’p“y‘;‘(’;‘hﬁ'rﬁflf Tsssé;egfcted
is well-known that the two rings in bipy can rotate around fynction of collision energyEcy).
the central C-C bond® % When bipy approaches the metal
cation to form a chelate complex, it undergoes transformation
from the trans-conformation (structul®) to the less stable 1
cis-conformation (structuréb). In contrast, the backbone
constrains phen to a cis-alignment of the nitrogen lone-
electron pairs (structuré ).?®

0.4 1
N= = { Q/ ) .
OO O~ — e >

[Mn(bipy),(phen)f” — [Mn(bipy)(phen)f* + bipy  (5a) g os] [Mn(oipy)(ohen),J’"
le]
— [Mn(bipy),]>" + phen (5b) S 04-
<
, 24 2 | 2 03
[Mn(bipy)(phen}) [Mn(phen)]~" + bipy (6a) o . [Mn(oipy),(ohen)f*
— [Mn(bipy)(phen)* + phen (6b) 2
:g 0.1 4
<

!

ECM / eV

-phen’ / -bipy”

0.8 1

0.6 1 -phen / -bipy

Intensity ratio

. - 04 . . . . s
trans-bipy (Ia) cis-bipy (Ib) phen (IT) 0 4 8 12 16 20 24 28
The cisoid form of bipy is 0.28 eV less stable than the Ecm/ev
trans conformer according to previous calculatighister- Figure 3. Ratios of the losses of phemnd bipy" as well as neutral phen
estingly, the perfect coplanar arrangementliof with a and bipy, respectively, upon CID of mass-selected [Mn(bipy)(pRerg}

. . a function of collision ener .
dihedral angle of § even corresponds to a transition structure 9yEew)

in the free ligand, which is 0.35 eV less favorable than
structurdla. Our mPW1PW91 calculations yield very similar ~ dications, although the preference slightly diminishes with
energetics in thalb with the rings tilted by about 30is a increasing energy, as expected. CID of [Mn(bipy)(phEn)
minimum 0.30 eV abovda and the coplanar structure reveals that even at increased collision enerdigs (= 10
represents a saddle point 0.33 eV less stable than eV) and despite a statistical preference the loss of phen has
Upon decomplexation during CID, bipy can accordingly only half of the abundance for the elimination of bipy. For
gain energy from a conformational change, whereas this isthe bipy-richer complex [Mn(bipyfphen)f*, the discrimina-
impossible for the rigid phen ligand. However, in the present tion of the loss of the phen ligand is even more pronounced
mass spectrometric experiments the energy gain in the freein that the abundance of [Mn(bip§}* is only a fifth of that
ligands matters only if the conformational change occurs for [Mn(bipy)(phen)f* at Ecy ~ 10 eV.
prior to the dissociation of the mixed complexes. Such a scen- Quite interesting is the CID behavior of the mixed dimer
ario is indeed quite likely to apply here because, prior to the [Mn(bipy)(phen)f* (Figure 3). Also in this case, the loss of
loss of the bidentate nitrogen ligands, decomplexation of just neutral bipy leading to [Mn(pher?)] is favored compared
one binding site can occur in the ions energized in the CID to the evaporation of phen throughout the collision-energy
process. While still being bound to M¥ih by the other range studied, thus confirming once more the lower coor-
N-atom, G-C bond rotation can occur, thus providing access dination ability of the bipy ligand. Parallel with the detach-
to a thermodynamically more favorable dissociation channel. ment of the neutral ligands, electron transfer from bipy or
As an example, the energy-dependent branching ratiosphen to Mit* can take place (reactions 7a and 7b) leading
upon CID of [Mn(bipy)(phern)?" and [Mn(bipyX(phen)}* to the reduced complexes [Mn(pheh)and [Mn(bipy)]
are given in Figure 2. In the energy range studied, the concomitant with the formation of the molecular cations

elimination of neutral bipy is always favored for both bipy" and phen, respectively.

(65) Pearce, C. K.; Grosse, D. W.; Hessel, WChem. Eng. Datd97Q [Mn(bipy)(phen)f+ — [Mn(phen)]" + bipy"™  (7a)
15, 567-570.
(66) Ould-Moussa, L.; Castella-Ventura, M.; Kassab, E.; Poizat, O — i T -
Strommen, D. P.; Kincaid, J. R. Raman Spectros200Q 31, 377— [Mn(blpy)] phen (7b)
390. - . .
(67) Brolo, A. G.; Jiang, Z.; Irish, D. El. Electroanal. Chenm003 547, As shown in Figure 3, the branching ratios of the charge-
163”—172- _ N o separation reactions 7a and 7b vs that of the evaporation of
(68) 2%102.6“ A. H: Grummt, U.-WChem. Phys. Let2002 354 233 neutral ligands differ quite significantly. Accordingly, the
(69) Corongiu, G.; Nava, Ant. J. Quantum Chen003 93, 395-404. energetic difference between the phen and bipy channels is
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Figure 4. Computed geometries of (a) bipy, bipy{Mn(bipy)]™, [Mn(bipy)]?*, (b) phen, pheh, [Mn(phen)], [Mn(phen)E*, and (c) [Mn(bipy)(phen¥j'.
Selected distances are given in pm.

; " ; Table 1. Absolute EnergiesHapg and lonization Energies (IE) for
less prqnounced in the Iosses. of |on'|zed ligands upon charg Mn(bipy)]*, [Mn(phen)f, [Mn(bipy)J2+, [Mn(phen)F*.
separation compared to the elimination of the neutral ligands. [Mn(bipy)(phen)2*, and Their Fragmerts

Hence, the mono- and dicationic complexes appear to show

IE/eV
differential ligation?® _ T —
i L . . . species state  Egpdhartree this work exp

To obtain further_ insight into the competing !lgand Io;ses . oS 104346992 215 - a3
from these dicationic manganese complexes with and without -+ 2 —104.084245 15.99 15.84
concomitant electron transfer, some relevant species were Mn** ‘135 —103.496685
investigated theoretically using density functional theory. The Ezg% 2‘8\9 :gi-‘l‘%;gg 8.12 8.35
monocations [Mn(bipy)] and [Mn(phen)} as well as the phen A —92.798075 7.96 8.30
dications [Mn(bipy)}", [Mn(phen)f*, and [Mn(bipy)- phert . jBl —92.505586
(phen)P* have been computed, and the absolute energies as MNPPY)] séi :igg-g;?ggé 1014
well as the ionization energies for the neutral and monoca- [mn(bipy)2* 6A,  —185257219
tionic species are given in Table 1. All of the molecular ‘;Bz —185.196321
species, with the exception of [Mn(bipy)(phet)] were [Mn(phen)]* 5@; Tovesaoes 1008
found to be planar, either @&, (neutral and cationic bipy) [Mn(phen)E* A,  —196.643888
or of C,, symmetry (Figure 4). The complexes have high- _ ) ;Bz —196.579748
spin ground states; [Mn(bipy)land [Mn(phen)} have septet ~ (Mn(®ipy)(phen)f B

multiplicity, and the corresponding dications [Mn(bip3/)]
- ; Al a|n addition, the following bond dissociation energies can be derived

a_md [Mn(phen)i are sextets. !n either case, othgr mu!tlpllm from the computed dataDp at 0 K): BDE(Mr? —bipy) — 9.06 eV,
ties considered represent excited states being higher in energgpe(phen-Mn2t) = 9.50 eV, BDE(pherMn2t—bipy) = 4.99 eV,
by more than 0.9 eV (Table 1). In both the mono- and the BDE(pher‘rMni*bipy) = 5.4;1 eV, BDE(Mrf—bipy) = 3.21 eV, and

PR ; ; BDE(phen-Mn*) = 3.54 eV.P Reference 31¢ Taken from: Lias, S. G.;
dlcatlo.n complexes, the unpalrEd electrons reside almo_StBartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. D.; Mallard, W.
exclusively on the metal center whereas the charge densityg. Gas-Phase lon and Neutral Thermochemiskrhys. Chem. Ref. Data

is partially distributed across the arene ligand. 1988 17 (Suppl. 1).

(70) Schrdler, D.; Schroeter, K.; Schwarz, kut. J. Mass Spectror2001, The monocations [M.n(bipy)] and [Mn(phen)]‘ are bound
212 327-336. by 3.21 and 3.54 eV with respect to M@AS) + L. In marked
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contrast, the dications [Mn(bipy)] and [Mn(phen}i* are
bound much stronger (9.06 and 9.50 eV, respectively) relative 5.44 /
to the Mr#*(6S) + L asymptote. The larger bond strengths  Mn(bipy)]?* + phen
of the dicationic complexes can be attributed to the syner-
gistic operation of two effects: (i) the higher charge of the
dication enforces electrostatic bonding and (ii) the ground-
state configuration of M (6S, 485¢P) allows for a better  [Mn(bipy)l* + phen*
approach of the ligand compared to MfS, 435c°) where

the occupied 4s orbital is partially repulsive. This line of

reasoning is further supported by the significantly shorter

Mn—N distances in the Mn® complexes £194 pm)

compared to Mnlt (~223 pm), see parts a and b of Figure

4. The lower bond energies of the bipy complexes is Figure 5. Simplified potential-energy surface for elimination of neutral

attributed to the quite large reorganization energy of the bipy ligands and charge separation for the bisligated dication [Mn(bipy)(gten)]
ligand (see above). As phen does not undergo such acalculated amPW1PW91/DZP level of theory. Relative energies are given

reorganization, its complexes with ¥fnare more stable in " éV:
the gas phase compared to those of bipy. While one might
expect that the different flexibility of phen and bipy also
leads to significant entropic differences between the two
ligands, the computed differential bond dissociation energies
(ABDEs) for ligand losses from both the mono- and
dicationic complexes discussed here differ by less than 0.025
eV betweerHok, Hzosk, andGaosk. However, the differences
between phen and bipy level off if the bond strengths of the
hypothetical planar cisoid bipy ligand are compared. The
energy needed for bipy to change from its transoid ground-
state conformationa into the hypothetical cisoid fornb N fer is the rate-determini ; bel
amounts to 0.33 eV, which matches the difference in bond ransfer is the rate-determining step (see below).

energies of the monocation complexes Mnfor the MnL2* In addition, some thermal ieamolecule reactions of the
species, the difference is reduced from 0.44 to 0.13 eV. The Mixed dications [Mn(bipyXphen)F, [Mn(bipy)(phen)]*",

dications [Mn(bipy)}" and [Mn(phen)]* are thermochemi- and [Mn(bipy)(phen)}" with the monodentate ligand,N-

cally stable toward Coulombic explosion by 1.19 and 1.47 dimethylformamide (DMF) were p7e4rf0rm_ed. As demon-
eV, respectively, according to the DFT calculations. The Strated by Combariza and Vacfiét the ion-molecule
stability with respect to charge separation can be attributed '62ctions of gaseous metal complexes with neutral ligand

to the fact that the charge is partly delocalized among the MOlecules can be used as a probe of the coordination
respective arene ligand. In addition, the kinetic stability of STUcture. In the present context, we investigated whether

the dication complexes Mt is expected to be supported the flexible bipy in some caS(_es may. actas a m_ongdentate
because of a sizable barrier imposed by Coulombic repulsion“gand and may hence be subject to ligand substitution. The

of the cationic fragments formed in the course of a charge- reactions were performed in the hexapole under quasi-thermal
separation process. conditions Ecy nominally set to 0 eV) at DMF pressures

The bisligated dication [Mn(bipy)(pher}] hasCs, sym- which deliberately were high enough to allow multiple

metry with a high-spin ground statéAG) and a quasi- collisions and thus the occurrence of sequential ligand-
. o . 5
tetrahedral coordination, that is, the ligands’ planes are exchange reactions. For the dications [Mn(biyhen)?

. oy ;
perpendicular to each other (Figure 4c). The bond dissocia-and [Mn(bipy)(phery*", neither products corresponding to

tion energies of [Mn(bipy)(phe| are computed as 5.44 d|splgcement of bipy nor a_tttachmgnt of D.MF or any othgr
! . reactions are observed. This result is consistent with the view
and 4.99 eV for losses of neutral phen or bipy, respectively,

whereas the endothermicities of the charge-separation pro-Of these ions as complexes with octahedral coordination

cesses to afford phérand bipy” amount to 3.26 and 3.08 which prevents any attachment of an additional lig&rel,en
. . ; for a strongly dipolar molecule such as DMF. In contrast,
eV, respectively. Hence, [Mn(bipy)(phef]is a thermo- : L
. o Lo . o mass-selected [Mn(bipy)(phef)]undergoes association of

chemically stable dicatidhwhich is considerably stabilized .

; . : one DMF molecule to afford [Mn(bipy)(phen)(DMR)]and
by the two arene ligands. With the assumption that the X .

. . . then a second one to afford the putatively hexacoordinate

competition of the various channels correlates with the complex [Mn(bipy)(phen)(DMEJ*. Neither dications with
energetics of the associated dissociation asymptotes, thesée P Py)ip '

reS.UItS. provide an explanation for the dlﬁerent branChmg (72) Vachet, R. W.; Hartman, J. R.; Callahan, J.H.Mass Spectrom.
ratios in the losses of neutral and monocationic ligands 1998 33, 1209-1225.

(Figure 5). Thus, the energy difference for the loss of a (73) ngorgEa}riégéM- Y.; Vachet, R. W. Am. Soc. Mass Spectro2002

(74) Combariza, M. Y.; Vachet, R. WAnal. Chim. Act&2003 496, 233~
(71) Schider, D.; Schwarz, HJ. Phys. Chem. A999 103 7385-7394. 248.

|ABDE = 0.45 \ 4.99
[Mn(phen)J?* + bipy

3.08
[Mn(phen)]* + bipy*

[Mn(bipy)(phen)?*

neutral ligand amounts tABDE = 0.45 eV in favor of bipy,
whereas that of the associated charge-separation asymptotes
is only 0.18 eV. Provided that the differences in the
asymptotes translate to the Coulombic barriers associated
with charge separation, the difference between the energy
barrier for elimination of neutral ligands is larger than that
for charge separation, that iIABDE > ACS (Figure 5).
Further, it might be argued as well that the gain of
conformational energy in the eidrans rearrangement of bipy
cannot fully be used in Coulombic explosion if electron
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larger number of DMF molecules nor substitution products,
for example, [Mn(phen)(DMR)?>" were formed. These
results indicate that despite its flexibility, bipy still acts as a
chelating ligand>’6 DMF is bonded to MA" by 6.33 eV
which is only more than half of the bond energy of [Mn-
(bipy)]?" (9.06 eV) according to DFT calculations.

[Mn(bipy)(phen)CI]" — [Mn(phen)CI]" + bipy
— [Mn(bipy)CI]* + phen

(8a)
(8b)

The monocation [Mn(bipy)(phen)Cilundergoes elimina-
tion of neutral bipy (reaction 8a) upon CID, yielding [Mn-
(phen)CI]J" as a major product. Expulsion of phen (reaction
8b) to afford [Mn(bipy)CI}" is also observed, but the loss
of bipy prevails at all of the collision energies investigated.
This result confirms once more the stronger binding of phen
to Mn''. Upon CID of [Mn(bipy)(phen)CI}, for example,
the ratio between phen and bipy losses is about 1:20 at low
collision energies, and even &cy ~ 8 eV, the two
fragments [Mn(bipy)CI}j and [Mn(phen)CI} corresponding
to the evaporation of phen and bipy are formed in a ratio of
ca. 1:4.

The chloro-bridged monocation [Mbipy)(phen)C™
undergoes elimination of bipy yielding the fragment [Mn
(bipy)(phen)C{] ™ (reaction 9a) as the major product, again
revealing phen as a stronger ligand than bipy. Elimination
of phen leading to a weak signal corresponding tofldipy).-
Cl3]*™ (reaction 9b) is observed only at increased collision
energies. In addition, cluster degradation followed by
elimination of MnC}, (reaction 11) takes place.

[Mn(bipy),(phen)CY] " — [Mn(bipy)(phen)Cl] * + bipy
(9a)

— [Mn(bipy),ClJ]" + phen (9b)
[Mn,(bipy)(phen)CJ]* — [Mn(bipy)(phen)CI]" + MnCl,
(10)

A similar behavior is found upon CID of mass-selected
[Mn(bipy)(phen)Cls] ™ (data not shown), fully confirming
the patterns for the “pure” and the mixed Moomplexes
described above.

WA
\N N=
daf (III)

It is obvious that the “rigid” phen ligand has significantly
greater chelation ability than the “flexible” bipy ligand

Tsierkezos et al.
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Figure 6. Ratios of the losses of daf vs phen as well as daf vs bipy upon

CID of mass-selected [Mn(daf)(phej?" (M) and [Mn(daf)(bipy}]2* (a),

respectively, as a function of collision enerdscfs).

6

expected to behave more similarly to phen. To a first

approximation, daf may thus serve as a useful reference
ligand to verify that the flexibility (or reorganization) of bipy

is a decisive factor which reduces its effective coordination

ability compared to that of phen. However, the fusion of the

bipy skeleton with a five-membered ring distorts the central

axis of the ligand in that the nitrogen atoms are expected to
bear a larger distance than in bipy (cisoid form) and phen.

Hence, daf is intuitively expected to be a somewhat weaker
ligand than phen; in addition, the mere electrostatic interac-
tion may be preferable for phen because of a simple size
effect (see below).

As an experimental probe, CID experiments with the
mixed-ligand complexes [Mn(daf)(bipy¥" and [Mn(daf)-
(phen))?" were performed, and the results are shown in
Figure 6. CID of [Mn(daf)(phen)?" reveals that despite a
statistical discrimination the expulsion of daf is always
favorable, while precisely the opposite behavior is observed
for CID of [Mn(daf)(bipy)]?". These results demonstrate that
daf has a complexation ability greater than that of bipy and
lower than that of phen.

This conclusion is nicely confirmed by the CID spectra
of the mixed trisligated complex [Mn(daf)(bipy)(phet)]
which show three different peaks resulting from detachments
of bipy, daf, and phen, respectively (Figure 7). The relative
intensities of the formed fragments clearly show that the trend

according to the above results. For a further assessment ofor ligand dissociation diminishes in the order bipydaf >

this conclusion, we intended to reduce the flexibility of bipy
by bridging the two rings as realized in 4,5-diazafluorene
(daf, structurdll ). This ligand is analogous to bipy but has
a limited conformational flexibility and might therefore be

(75) Myers, R. T.Inorg. Chem.1978 17, 952-958.
(76) Emmenegger, F.; Schlaepfer, C. W.; Stoeckli-Evans, H.; Piccand, M.;
Piekarski, H.Inorg. Chem.2001, 40, 3884-3888.
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phen, demonstrating that the complexation ability of the
investigated ligands increases with opposite order, namely,
the “rigid” phen is the most strongly bound ligand, whereas
the “flexible” bipy is clearly the weakest, with daf occupying
a position between them.

Finally, a more general aspect is to be addressed because
there exists an alternative explanation for the observed trends
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IMn(ciaf)(oipy)(phen)]** complex [Mn(bipye)(bipy)]*" cannot be included here,
because proton transfer from bjpyto bipy prevails upon
low-energy CID. We can conclude the following by resuming

aaf PPV these results. For a mere effect of the ligands’ polarizabilities,
phen | one would expect that phen and hjpyhave more or less
identical binding abilities to Mt as found by Satterfield
and Brodbelt in the types of complexes these authors have
ooy studied. The significant difference between phen andhipy
| observed here therefore rather suggests that the flexibility
Au of bipy ligands upon dissociation of the complexes deter-
E,, = 7.6 eV

E., = 15.2eV

mines the branching in the present case. The seeming
contradiction between the previous findings of Satterfield
and Brodbelt and the data reported here can, however, be
-bipy attributed to the different types of complexes investigated,
their bond strengths in particular. Thus, Satterfield and
Brodbelt studied monocationic, bisligand complexes such as
M(L).* for alkali and selected transition metals as well as
“bipy trisligated dications of the type M(E)", which have
Eon =140V ! relatively low binding energies with regard to the loss of a
150 180 210 240 270 300 single ligand. While the respective binding energies still
miz exceed the energy required for the rotation around the central
Figure 7. CID spectra of mass-selected [Mn(daf)(bipy)(ph&nhjit variable C—C bond in bipy!’ the dissociation of these complexes
collision energiesHcw). Signals corresponding to eliminations of bipy, daf, may accordingly be subject to kinetic control, in that it
and phen from the trisligated Mh complex are indicated by arrows. initially leads to the cisoid conformation of the bipy fragment.
If the total bond energies are larger, however, as in the
bisligated M complexes investigated here (see footrete
of Table 1, for example), the conformational change of the
bipy ligand is likely to occur prior to dissociation, thus
resulting in a switch from kinetic to thermodynamic control.

E.,=3.8eV s A

in ligand binding. Thus, with increasing size, the polariz-

abilities of the ligands increase also, thereby enforcing the
mere electrostatic interactions between the ligand and the
metal cation. This line of reasoning would also predict that

the bond strengths increase from bipy via daf to phen, as
observed experimentally. Hence, it may be either the general
electrostatic interaction or the ligands’ flexibilities which Conclusions
determine the ligand order. To this end, we investigated a
few alkylated derivatives of bipy and phen. In a compre-

hensive survey of several metal-ion complexes of main group

and transition elements with pyridyl ligands, Satterfield and with 1,10-phenanthroline, Z:Bipyridine, and 4,5-diazafluo-

Brodbelt, inter alia, found that phenanthroline and dimethyl- inth h Inth t stud rticular attent
bipyridines have more or less identical binding energies and rene in the gas phase. n the present study, particular attention

attributed this finding to the similar polarizabilities of these IS p.a'.d t9 the corr_1pet|t.|or_1 between the dlffergnt I|gands.
ligands?” With respect to the current problem at hand, mixed Collision-induced dissociation of Mrcomplexes with mixed

complexes of phenanthroline and dimethyl-bipyridines may ]Iclgandsé reveals tg?t :Eetmf(pl;]lsmn t?]f ti.'py“gme IS alwziys
therefore allow the distinction between the two alternative 'av0'€d comparedto that of phenanthroline. By comparalive

: : studies of mixed ligand complexes including those with
explanations for the observed order of bigyphen. Thus, o . :
the mono- and dicationic complexes [Mn(bigy(phen)CI} methylated derivatives, these observations can be attributed

. . ; . to the energetically preferred trans-conformation of the free
and [Mn(bipye)(phen)f*, respectively, were investigated, . " ° . ) )
where bipys. stands for 5,5- as well as 6,6-dimethyl 2,2- bipyridine ligand, which phenanthroline cannot ad®pt.

bipyridine. Upon CID of the mass-selected complexes, both Ir?ter(_es_tingly, the difference betvx{een phengnthroline a.nd
cations and dications, at moderate collision energies, loss ofb'py”dIne becomgs smaller when Ilgand IOSS IS coup!eq with
bipywe is about 3 times favored over that of phen for the electrqn tr'ansfer in charge—separatlon reactions of bls.llga.ted
5,5-isomer and even 4 times for the corresponding ions with Mn dications for both Fhermochemlcal as well as kmetlt_:
6,6-dimethyl 2,2-bipyridine. In contrast, the mixed complexes reasons. As expected, d|azaf|l_Jorene occupies an mtermedlgte
[Mn(phenye)(phen)CIE+ and [Mn(phere)(phen)E+, where position between phenanthroline and bipyridine. The experi-

phenye stands for 4,7-dimethyl phenanthroline, show ratios meﬁltal findings, mcl_udmg the assignment .Of same of th_e
of about 6:1 in favor of loosing neutral phen which is a Mn'" complexes as inherently thermochemically stable di-

R . )
weaker ligand than the substituted pheff Likewise, the ~ CaUons: are in good agreement with computational results

mixed complex [Mn(bipye)(bipy)CI]* expels bipy upon CID derived from DFT calculations.
with a preference in the order of 8:1; the mixed dicationic

Electrospray mass spectrometry in conjunction with den-
sity functional theory is successfully applied for the genera-
tion and characterization of coordination complexes of Mn
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