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Five-coordinate metal complex ions of the type [ML]?* [where M = Mn(ll), Fe(ll), Co(ll), Ni(ll), Cu(ll), Zn(ll) and L=
1,9-bis(2-pyridyl)-2,5,8-triazanonane (DIEN-(pyr),) and 1,9-bis(2-imidazolyl)-2,5,8-triazanonane (DIEN-(imi),] have
been reacted with acetonitrile in the gas phase using a modified quadrupole ion trap mass spectrometer. The
kinetics and thermodynamics of these reactions show that the reactivity of these complexes is affected by metal
electronic structure and falls into three groups: Mn(ll) and Ni(ll) complexes are the most reactive, Fe(ll) and Co(ll)
complexes exhibit intermediate reactivity, and Cu(ll) and Zn(ll) complexes are the least reactive. To help explain
the experimental trends in reactivity, theoretical calculations have been used. Due to the relatively large size of the
metal complexes involved, we have utilized a two-layered ONIOM method to perform geometry optimizations and
single point energy calculations for the [ML]J>* and [ML + CH3CN]?* systems. The calculations show that the reactant
five-coordinate complexes ([ML]?*) exhibit structures that are slightly distorted trigonal bipyramidal geometries, while
the six-coordinate complexes ((ML + CH3;CNJ**) have geometries that are close to octahedral. The AG values
obtained from the ONIOM calculations roughly agree with the experimental data, but the calculations fail to completely
explain the trends for the different metal complexes. The failure to consider all possible isomers as well as adequately
represent ;7—d interactions for the metal complexes is the likely cause of this discrepancy. Using the angular
overlap model (AOM) to obtain molecular orbital stabilization energies (MOSE) also fails to reproduce the experimental
trends when only ¢ interactions are considered but succeeds in explaining the trends when s interactions are
taken into account. These results indicate that the sz-donor character of the CH3CN plays a subtle, yet important,
role in controlling the reactivity of these five-coordinate complexes. Also, the AOM calculations are consistent with
the experimental data when the [MLJ>* complexes have high-spin trigonal bipyramidal configurations. Generally,
these results suggest that ion—molecule reactions can be very sensitive to metal complex coordination geometry
and thus may have some promise for providing gas-phase coordination structure.

Introduction the chemistry as a function of the metal center. Periodic
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how metal electronic structure affects the inherent chemistry studies show that coordinatively unsaturated metal complexes

of metal complexes.

readily react to add reagent gases such as water, ammonia,

While this work has been immensely informative, most acetonitrile, and pyridine. The total number of reagent gas

of the studies have been carried out with metals in-ie

molecules added can then be related to the coordination

oxidation state. This oxidation state makes drawing com- number of the initial comple%? In addition, the kinetics and
parisons with solution chemistry difficult because in solution thermodynamics of these reactions can be telling about the
most transition metals are found in higher oxidation states. functional groups bound to the me#al.

Higher oxidation states are common for late first row

transition metals, Mn to Cu, which exhibit stable® states

In more fundamental studies, gas-phase reactions of
divalent metal complexes have provided some insight into

in the condensed phase. The recent development andhe intrinsic (i.e., solvent-free) chemistry of complexes. For
application of several ionization techniques now allow the example, coordinatively unsaturated [M(bgy) complexes,
chemistry of metals in higher oxidation states and their where M= Cr, Ru, Os and bpy is 2bipyridine, were
complexes to be studied in the gas phase. The most widelyreacted with @to help understand the activation of molecular
used of these techniques is electrospray ionization, but otheroxygen. These studies indicate that upon addition pfdO

techniques, including the “pick-up” technidgge!” and

charge-stripping techniquéshave allowed the complexes

each of these complexes only Os(Il) undergoes a formal
oxidation to Os(VI) with a concomitant four-electron reduc-

of divalent metals to be studied in the gas phase, too. Thetion of O,, while the oxidation states of Cr and Ru are
ability to generate metal complexes in higher oxidation states unaffectecf® Other studies by the same group have inves-
has instigated numerous studies into the microsolvation of tigated the competition between proton transfer and ligand

metal ions with both proti€—22 and aprotié®?3?4solvents.

exchange in the reactions of M(GBIH),>" (M = Fe, Mn)

Also, generating metals in higher oxidation states has beenand M(H0).2" (M = Mn, Cu) with NH; and DO, and

of analytical utility as metal complexes of organic mol-
ecules?® monosaccharide®; 22 and peptide¥—3! have been

parallels to solution chemistry were observéé? Chen and
co-workers have used electrospray to generate organometallic

shown to provide different, and sometimes more structurally complexes of [ and Ru?' and reactions of these

useful, dissociation patterns.

complexes with neutrals have provided insight into the

lon—molecule reactions of complexes having metals in mechanisms of €H bond activation and olefin metathesis,
higher oxidation states have also been studied because ofespectively. The effects of axial ligation on the reactivity
their analytical and fundamental utility. Our group has begun of Mn—salen complexes, particularly metalxo species,

to investigate the potential of using iemolecule reactions

have also been studied in order to better understand the

to gather information such as coordination number and involvement of these species in epoxidation reactiéni.

coordination structure from metal complexXés®® Initial
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The latter studies demonstrate the utility of gas-phase
reactions for studying species that are too short-lived in
solution or for studying reactions without the sometimes
confounding effects of solvent.

We are interested in studying the gas-phase ligation
reactions that divalent metal complexes with multidentate
ligands undergo because of the intrinsic information that
these reactions might provide. For example, these reactions
might provide structural and thermodynamic information that
when compared to solution or solid-state complexes might
highlight the effects of solvent and crystal packing forces
on metal complex structure. In this study, we investigate the
impact of electronic structure on the reactions of five-
coordinate complexes. We are specifically interested in
determining how sensitive iermolecule reactions are to
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1,9-bis(2-pyridyl)-2,5,8-triazanonane
DIEN-(pyr),

Figure 1. Ligand structures.

NH HN.

HN\C_)N NQNH

1,9-bis(2-imidazolyl)-2,5,8-triazanonane
DIEN-(imi),

reacted for 24 h in a Parr shaking hydrogenator under a 60 psi
atmosphere of £(99.99%, Merriam-Graves, Springfield, MA) over
Pd (10% Pd on carbon). The mixture is then filtered, and the final
product is recovered as a yellow oil after allowing the solvent to
evaporate.

Metal complexes are prepared by mixing equimolar amounts of
MnCl,, FeC}, CoCh, NiCl,, CuCh, or Zn(CHCOQ) solutions and
the ligand of interest in methanol or water/methanol (1:1) to a final
concentration of 5M. Complex ions are transferred to the gas-
phase by ESI using a needle voltage of about 4 kV and a flow rate
of 1.0-2.0 uL/min. Typically, a capillary temperature of 15C

changes in the electronic structure of these complexes. Alsoand a capillary exit offset voltage of 2B0 V are used.

of interest is whether ionmolecule reactions can provide
any information about the coordination geometry of these

Electronic Structure Calculations. Geometry optimizations
followed by energy and vibrational frequency analyses were

complexes. Furthermore, because ligand substitution reacerformed on the various metdigand complexes using the

tions of six-coordinate complexes in solution sometimes go
through five-coordinate intermediates, a study of these
intermediates without solvent might provide some interesting
insight into these reactions. In particular, the potentially
subtle effects of electronic differences might be clarified
through the interpretation of our experimental data in light
of ab initio and other electronic structure calculations.

Experimental Section

Instrumentation. A Bruker ESQUIRE-LC quadrupole ion trap
mass spectrometer has been used in the current studies. Th
modifications made to the instrument in order to carry out the-ion
molecule reaction studies have been reported previdbidyt a
brief overview of the experimental procedure is given here.

Acetonitrile and He are admitted into the vacuum system of the
ESQUIRE-LC using two separate precision leak-valves that are
connected to the vacuum manifold. The pressure inside the
quadrupole ion trap is monitored using an ion gauge. The reading
provided by the ion gauge is calibrated using the known deproto-
nation reaction rates of the 13127, and 11 charge states of
ubiquitin with ammoni&* (99.99%, Matheson Tri-gas, Parsippany,
NJ). Correction factors from this calibration and the ion gauge
sensitivity to CHCN*® are then used to obtain the true gas pressure.
The He buffer gas and GEN pressures are monitored and kept
at 1.0+ 0.3 x 10“4and 3.2+ 0.3 x 107 Torr, respectively. The
vacuum system temperature is monitored and maintained at-300
2 K through all the experiments.

The metal complex ions of interest are selected and reacted wit
CHs;CN for different periods of time. The ion isolation process and
the reaction time are controlled using the ESQUIRE-LC software.
Kinetic data are obtained by monitoring the change in the intensity
of the product and parent ions for up to 4000 ms. Equilibrium

constants are calculated as a ratio of rate constants, which are

determined by fitting the experimental data to a series of differential
equations using the KinFit prograff.

Ligand Synthesis.A description of the synthesis of the ligands
in Figure 1 was described previousR#”In short, either 2-pyridine-
carboxaldehyde or 4(5)-imidazolecarboxaldehyde (Sigma-Aldrich,
St. Louis, MO) is mixed with diethylenetriamine (DIEN) at a 2:1
(aldehyde/DIEN) ratio in anhydrous methanol. The mixture is then

(44) Zhang, X.; Cassady, @. Am. Soc. Mass Spectro996 7, 1211~
1218.

(45) Bartmess, J. E.; Georgiadis, R. Macuum1983 33, 149-153.

(46) Shen, N. Z.; Pope, R. M.; Dearden, D.lut. J. Mass Spectron200Q
196, 639-652.

(47) Harris, W. R.; Murase, |.; Timmons, J. H.; Martell, A.lBorg. Chem
1978 17, 889-894.

Gaussian suite of computational chemistry progré&h&he elec-
tronic energies and vibrational frequencies were used to compute
reaction free energies for the reaction adding a singlg@BHigand.

It was impractical to use a fully quantum mechanical (QM)
technique to describe the systems because of the large number of
atoms in each complex and the usually open shell ground-state
electronic configurations. We chose to use an embedding méthod,
implemented as the ONIOW protocol in Gaussian, to take
advantage of the natural separation between the electronically
complex metatligand bonding, included in the “inner layer,” and
the relatively simple covalent bonding within the DIEN-based

éigand, accounted in the “outer layer.” The actual implementation

of the ONIOM scheme involves not one but three calculations for
each propertyP; a high level calculation on the inner (l) layer,
and low level calculations on the inner (I) layer and on the entire
system (S). The results of these calculations are combined
algebraically: P(ONIOM) = P(high(l)) + [P(low(S)) — P(low-
(1))].5%51 The implication of grouping the low level calculations is
to suggest that we are correcting a high level calculation with the
properties of the outer atoms computed at the low level of theory.
The subtleties of terminating the inner layer with link atoms to
avoid dangling bonds in QM electronic structure calculations are
detailed elsewher®.

In our work, we have found that the M(DIEN-(py)3" complex
is naturally partitioned by including the metal ion and all directly
bonded nitrogen atoms in the inner layer and all other atoms in the
outer layer with the exception of one carbon atom of each pyridine,
which is needed to enforce&pybridization on the pyridyl nitrogen.

hWhen the additional ligand was introduced, the entire;CHM

(48) Frisch, M. J.; Trucks G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery Jr., J. A,;
Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega,
N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross,
J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg,
J. J.; Zakrzewski, V. G.; Dapprich, S., Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian03revision
B.03; Gaussian, Inc.: Pittsburgh, PA, 2003.
(49) Gao, J. InReviews in Computational Chemistripkowitz, K. B.,
Boyd, D. B., Eds.; VCH: New York, 1996; Vol. 7, p 119.
(50) Dapprich, S.; Komaromi, |.; Byun, K. S.; Morokuma, K.; Frisch, M.
J. THEOCHEM1999 461, 1-21.
(51) Vreven, T.; Morokuma, KJ. Comput. Chen200Q 21, 1419-1432.
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coordinate complexes with transition metal ions. On the basis
of previous result&?%*five-coordinate complexes should add
just a single CHCN molecule to fill the metal’s coordination
sphere, and indeed, this is the case for most complexes. For
a few complexes, the addition of a secondsCN molecule

is also observed to a small extent. This second@\Heither
displaces one of the coordinating groups or adds as an outer-
sphere ligand. At this point, our data do not allow us to
distinguish between the two possibilities. Regardless of how
the second CECN is bound, its abundance is fairly
insignificant and only exceeds 5% relative abundance for
one complex (i.e., Ni(DIEN-(pyp)?*) even after a 4000 ms

Figure 2. Partitioning scheme used in ONIOM calculations of M(DIEN- reaction “me'_ )
(pyr)2)2* and M(DIEN-(pyr})(CHsCN)?t. The atoms in black were treated If the reactions of the various DIEN-(pyrand DIEN-

using DFT, and the atoms in gray were treated using molecular mechanics.(imi) complexes are evaluated as a function of time. one
Refer to Figure 1 for atom connectivity in the ligands. 2 . . . !
notes that the reactions all achieve an equilibrium after about

moiety was added to the inner layer. In this manner, reaction 2000 ms. Figure 3 displays typical kinetic plots for the
energies can be obtained from an ONIOM calculation on the reactions of Ni(DIEN-(imi})** and Cu(DIEN-(imi})** with
reactant complex, the product complex, and a single analysis of CHsCN. Clearly, there are significant differences between
the CHCN moiety performed at the high level of theory. For a the two plots. The Cu(ll) complex adds just one 4CHl
pictorial representation of this partitioning scheme, see Figure 2. molecule, and the abundance ratio of the product ions to
It is possible that this partitioning inadequately describes the parent jons is less than 1. For the Ni(ll) complex, the parent

m-character of the interactions between the metal ion and the pyridyl ion achieves a relative abundance<af0% after 2000 ms
nitrogen, because the nitrogen so described is no longer part of a . : . '
conjugated-system in the high level calculatioPSAll outer layer and the product ion corresponding to the addition of one

atoms directly bonded to any atom in the inner layer were replaced CHSC_N becomes thg dominant |0n.. The kinetic data fpr these
with hydrogens as link atoms when performing calculations on the reactions can be fit by expression 1, and reaction rate
inner layer. We employed the Dreidffgnolecular mechanics force ~ constants can be determined.
field to model the interactions in the outer layer and a traditional )
basis set density functional method, specifically the B3LYP 2+ = 2+
method4-%6 with the 6-311G(d,p) basis s&t;5° to model the inner ML= + CHCN ka (ML + CH,CN) (1)
layer. The high level method is known to perform well for
electronically complex metal ion containing molecuie$? and For each metal, the DIEN-(pyr)complexes are more
the robgstness of the ONIOM part.itioning scheme was verified by eactive with CHCN than the DIEN-(imi) complexes. Table
comparison to fully QM calculations on the only closed shell 1 shows the forward reaction raté) and equilibrium
example in our series, the Zn(DIEN-(pyF)” complex. constants for the addition of one @EN to each complex.
Because the diethylenetriamine (DIEN) unit is the same in
both ligands, differences in reactivity for a given metal are
The ligands DIEN-(pypand DIEN-(imi}, are pentadentate ~ due to the differences in the coordinating ability of pyridine
ligands, and consequently, we expected the formation of five- and imidazole. More efficient overlap of the donor atoms in
imidazole, as compared to pyridine, likely causes the
(52) Hall, R. J.; Hindle, S. A.; Burton, N. A.; Hillier, I. HJ. Comput. decreased reactivity seen in the complexes containing this

Results and Discussion

Chem.200Q 21, 1433-1441. functional group. In recent work, we showed that the types
(53) Mayo, S. L.; Olafson, B. D.; Goddard, W. A. Phys. Chem199Q . . . N
94, 8897-8909. of functional groups in the ligand sphere can significantly

(54) Pople, J. A;; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.; Curtiss, impact the reactivity of metal complexes with gEN. The

L. A. J. Chem. Phys1989 90, 5622-5629. - -
(55) Curtiss, L. A; Jongs, C.; Trucks, G. W.; Raghavachari, K.; Pople, J. reactivity of CHCN toward these complexes prowdes some

A. J. Chem. Phys199Q 93, 2537-2545. insight into the electronic tuning of each metal by different
(56) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. inafi
(57) McLean, A. D.; Chandler, G. Sl. Chem. Phys198Q 72, 5639— coordlnatllon Sp_here?é' ) ) ) o

5648. Of particular interest in this work is the reactivity trend

(58) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.

1980 72, 650-654. that S observed _upon_changlng the metal _cen_ter that is
(59) Raghavachari, K.; Trucks, G. W. Chem. Phys1989 91, 1062- coordinated to a given ligand. Table 1 clearly indicates that
1065. . o
(60) Tsipis, C. A.Coord. Chem. Re 1991, 108 163-311, the reaction rate and equilibrium constants are marked_ly
(61) Wire, L. M.; Wheeler, S. D.; Wagenseller, E.; Marynick, DIigorg. different for the complexes of each metal. The trend that is
Chem.1998 37, 3099-3106 and references therein. observed is Ni(ll)> Mn(ll) > Fe(ll) > Co(ll) > Cu(ll) ~
(62) Rulisek, L.; Havlas, ZJ. Am. Chem. So00Q 122 10428-10439. . . L
(63) Peschke, M.; Blades, A. T.; Kebarle,Am. Chem. So2000 122 Zn(ll). Also of note in Table 1 is that the equilibrium
(64) 10440-10449 and refgr_e_rll_ces therein. . A constants follow a very similar trend as the reaction rate
4) Marino, T.; Russo, N.; Sicilia, E.; Toscano, M.; Mineva, TAldvances [ :
in Quantum ChemistryAcademic Press: New York, 2000; Vol. 36, constants. ThIS IS the_case because th? reacuong of the
pp 93-120 and references therein. complexes in Table 1 with C}N are association reactions.
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Figure 3. Typical kinetic plots obtained from the reactions of acetonitrile with (a) Ni(DHEi)2)2" and (b) Cu(DIEN-(imi)z)2*.

Table 1. Rate k) and Equilibrium Constants for the Addition of One each metal. A direct comparison to known solution chem-
ngtNor(‘_'t”_'f Molecule to the Metal Complexes of DIEN-(pygnd istry, however, is problematic due to the ability of most
-(imi ' ’ . .
2 solvents (e.g., water) to act as a ligand, which makes the

10 . . . . .
rate ‘;ﬁ’gﬁ;g&?&%a o equilibrium constants chemistry of truly five-coordinate complexes in solution

metal DIEN{pys DIEN(m)s DIEN-(ys DIEN-Gmi) difficult to study. Five-coordinate complexes are expected

by 2 Pyre 2 to be intermediates in ligand substitution reactions of six-
Mn 3.7+ 05 2.0+ 0.2 80+ 30 12+ 4 : . o
Fe 314 0.9 18404 20£ 10 61 2 coordlngte complexe§ that occur py purely dissociative
Co 2.3+04 1.0+ 0.3 3.0+ 15 1.4+0.2 mechanisms, but relatively few such intermediates have been
’(\‘:i ‘(‘)-%i é-g (Z)?i é-g 10481 80; 3?: 351 studied. Thus, the current gas-phase studies might provide
7n 084 0.4 054 0.2 06403 03+ 01 some insight into the effect of electronic structure on ligand

ath | btained by f ) Isub:stitution reactions.
ese values were obtained by fitting expression 1 to the experimenta L . .
data.? Equilibrium constants were obtained from the equatiorr ky/k, An initial attempt to explain the trend shown in Table 1

where k; and k, are the values obtained by fitting expression 1 to the involved consideration of the binding preferences of divalent
experimental datet. The fitting for these data failed to provide a value for metals for a given Iigand The so-called Irv'rHWiIIiams
ko, so the equilibrium constant was estimated directly from mass spectra . . . )
taken under equilibrium conditions. series, which typically follows as Mn(ly Fe(ll) < Co(ll)
< Ni(ll) < Cu(ll) > zn(ll), is related to the decrease in

Association reactions in the gas phase occur in two steps agonic radii across the series. Decreased ionic radii usually

shown in expressions 2 and 3. lead to stronger metaligand bonds. Clearly, however, this
series does not explain the trend observed in the current work.
ML™ + CH.CN - (ML + CH3CN)”+* ?) The low react|V|ty.of Cg(ll) can be gxplgmed by. considering
the Jahna-Teller distortion present in six-coordinate Cu(ll)

K, complexes. Similarly, the low reactivity of the zZn(ll)
(ML + CH3CN)”+* + HeT (ML + CH3CN)”Jr +He (3) complexes is likely a result of the metdlgand repulsion
¢ caused by the closed-shell nature of Zn(ll). The relatively

First, an excited intermediate is formed, and then, the high reactivity of the Mn(ll) complexes, however, cannot
intermediate can either dissociate back into reactants or formPe explained as easily. In order to determine if other
a detectable product after collisional stabilization by helium 9eometric or electronic factors are responsible for the
that is present in the vacuum system. The observed forwardobserved trends, electronic structure calculations were per-
reaction rate constants will depend on the magnitude,of ~ formed.
ko, ks, and [He]. For the reactions of each metal complex, =~ ONIOM Calculations. Numerous studies concerned with
only k, should vary significantly, and the magnitude of this theoretical calculations of transition metal complexes have
value is related to the strength of the interaction between been carried out in recent years. It has been shown that DFT
the metal complex and GI&N. Because the equilibrium  calculations can fairly efficiently provide accurate complex
constant is also related to the strength of this interaction, geometries and reaction energies for transition metal systems
the reaction rate and equilibrium constants should follow a if the appropriate basis set is cho$ért* In the current study,
similar trend. The correlation between the rate and equilib- however, the complexes of interest are rather large, and thus,
rium constants is not expected to be perfect, though, becaus@FT calculations are relatively expensive. Consequently, we
slight differences in the sizes of the various metal complex applied hybrid methods to obtain geometric information and
ions will causek, and ks to be slightly different for each  reaction energies. As a test to consider the effectiveness of
complex. the hybrid methods, the geometry of Zn(DIEN-(pYt) was

Presumably, the reactivity trend observed in Table 1 is a optimized using both the hybrid ONIOM method and a full
consequence of the differences in the electronic structure ofB3LYP/6-311G(d,p) calculation. Geometry optimization by
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both methods results in very similar structures (see Support-Table 2. Calculated and Experimental Thermodynamic Parameters for
; ; Y - . et i
ing Information). A quantitative comparison of the geo- he Reaction of M(DIEN-(pyp)*" with Acetonitrile

metrical parameters leads us to expect that our hybrid AGcacd (kJ/mol)

calculations obtain bond lengths and angles to within about metal center ONIONM  ONIOM/DFT® AGexpt (kJ/moly

2.5 pm (or 1%) and 8%(or 8%), in fact not much worse Mn 1006 —67.9 648+ 14

than the error bars on the crystal structure it&elf. Fe —87.3 —63.2 —61.3+1.9
Although no independent experimental data are available ﬁ? :gz:g :gé;% :22;21 132

for comparison, we can compare the hybrid and purely QM Cu —-75.1 —41.2 —53.6+0.7

reaction energies. The B3LYP/6-311G(d,p) reaction energy Zn —75.2 —36.4 —52.6+1.8

for the addition of CHCN to the Zn(DIEN-(pyr))** complex 3 AG calculated using ONIOM alon&.AG from single point energy

is found to be—48.4 kJ/mol, and that found using the hybrid calculations using full DFT on the reactant and product optimized structures,
method 75,2 KJimol. Ceary, the agreement between the 112212 S0 o ONOM geomey apimzsione et
reaction energies from the fully QM treatment and ONIOM  equilibrium constants and by assuming a reaction temperature of 300 K,
is not nearly as good as the agreement observed for thewvhich was the temperature of the vacuum system.
geometric parameters. A reaction energy closer to the fully =~ ) )
QM value is obtained<(36.4 kd/mol) if single point energy ~ tion, including bond Iength_s and bond angle§. Figure 2 shows
calculations using DFT are performed on the geometry typical structqres for the five- and S|.x—coord|nate complexes
optimized structures obtained from the ONIOM calculations. that are obtained from the calculations.
In these single point energy calculations, the ONIOM-derived ~ Upon geometry optimization, the five-coordinate com-
geometries, which are presumed to be accurate, are used tdlexes adopt geometries that are closeDig symmetry
calculate the energies of both the reactant and product(trigonal bipyramidal) thai©,, symmetry (square pyramidal).
complexes using a full QM treatment. The values of the NtM—N5 and N3-M—N5 angles are
The failure of the ONIOM method to even qualitatively USeful for evaluating the tendency of the complexes to favor
reproduce the full DFT energy difference when identical ON€ Of the two geometries. Values close to “LAfr both
geometries were considered is troubling. Because the nitro-2ngles are indicative bz, symmetry, while angles close
gens in the DFT portion of the ONIOM calculation are 0 90" and 180 for the N1-M—NS5 and N3-M—NS5 angles,
treated as Niigroups, the detail of the NZn interactions ~ espectively, are indicative &, symmetry. The optimized
may not be adequately represented. This result further leadsSix-coordinate complexes all adopt an octahedral geometry
us to conclude that our partitioning scheme leaves certainthatis distorted to differing degrees depending on the metal.
complex electronic effects out of our inner layer that are  The reaction free energies at 300 K in Table 2, obtained
not accurately calculated with the low level theory. Further from the ONIOM calculations alone, do not compare
work will be needed to determine the necessary model favorably with the experimental values for reasons suggested

chemistry for obtaining results other than geometric param- @bove. In fact, the general trend in free energies that we
eters with sufficient accuracy. observe is only partially reproduced. Calculations predict that

We proceeded to evaluate geometric parameters using théh€ Ni(ll) complex should have a higher reaction free energy

ONIOM calculations, expecting relatively accurate determi- than t.he Mn(ll), Fe(ll), a_md Co(ll) complexes, while our
nations of the structure of the complex. Calculated reaction €XPerimental data show it has the lowest free energy in the

energies using ONIOM and single-point energy DFT cal- series. Aside from the obvious approximations made in any

culations, on the other hand, have much larger expected errormolecular modeling, several sources of error may be

The magnitudes of the calculated reaction free energies do,2cknowledged. First, the—d interactions mentioned previ-

however, compare favorably with the experimentally deter- OUSly areé misrepresented; however, this should produce
mined reaction free energies for many of the metal com- systematic errors across the series of metals and would not

plexes. be expected to destroy trends. Second, there are as many as
To help interpret our experimental results, geometry eight isqmers pf each reactant and product.com.plex, related
optimizations and energy calculations were carried out for throug_h inversion of the three sgcondary amines in the DIEN-
both reactants (i.e., M(DIEN-(py)f* and CHCN) and (pyr). ligand. For example, two isomers of N'(DIEN'(W&
products (i.e., [M(DIEN-(pyB)(CHCN)?*). The crystal are shown in Figure 4. These isomers most clearly differ by

structure of Zn(DIEN-(pyr), which has been determined ”:e tthree %qprl]anar grc;ug§ 'Ir:]. the Atrlgr(;nal f"pyfam'da'
previously®® was used as the starting (i.e., preoptimized) 3_;fuc ure, whic ;relg'rlfﬁ 'T Tlr?ure .b esfe V\:O |;5(:_mers
structure for the geometry optimizations of each five- merin energy by mol. The humber of calicuiations

coordinate metal complex. An octahedral struct@ (as needed to statistically average reaction energies over all
used as the starting structure in the geometry optimizations'Sfotrr?.ers forkeach of the metal complexes is beyond the scope
of the six-coordinate complexes. In all cases, the highest0 |s.wor ) . L
multiplicity was used to describe the metal’s spin state. Full A third source of discrepancy could actually be kinetic in

structural information is available in the Supporting Informa- ©"gin. Although we believe the reactions reach an equilib-
rium among all accessible states, at 300 K there may be

(65) Sosa-Torres, M. E. Ugalde-Saldivar, V. Wcta Crystallogr.1993 kinetically inaccessible states that remain unobserved. Per-
C49, 796-799. haps the low experimental free energy for the reaction
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developed to describe transition methidand interaction§!-6°
and it can be used to obtain the energy separation of the
d-orbitals for any symmetrical complex structure. Using the
AOM, molecular orbital stabilization energies (MOSESs) are
obtained for the five- and six-coordinate complexes of each
metal, and then, the change in MOSBMOSE), as a
function of d, is compared with the experimentally deter-
mined AG values. In determining the MOSE values, the
o-orbital overlap integrals (@ were assumed to be the same
for each metal. This assumption should be fairly valid given
Figure 4. Two isomers of Ni(DIEN-(pyr)?* calculated using the ONIOM the |den'F|caI_ ligands I_n each complex and given that
method. The circles indicate the atoms that are coplanar in each trigonal Systematic differences in, doetween metals should cancel
bipyramidal structure. when reactant MOSE values are subtracted from the product
MOSE values. In addition, for the stabilization energy
involving Co(DIEN-(pyr)*" could be due to a high barrier,  calculations the quartic term of the interaction energy was
which prevents the lowest energy product from forming. In ignored, and only the quadratic term was considered.
future work, we will evaluate transition state structures and  MOSE values calculated by considering bathand
energies; however, for these simple ligand addition reactionscontributions from the ligands and considering square
we do not expect large reaction barriers or changes in thepyramidal, trigonal bipyramidal, and octahedral geometries
spin state of the complexes. In fact, when comparing the are shown in the Supporting Information. The functional
measured reaction rate constants with the calculated CO”iSiOﬂgroupS bound to each of the metals are usua“y considered
rate constants using the average dipole orientation n¥édel, strong o donors, but the pyridine and imidazole rings of
we find that between-3% (for Zn complexes) and-15% DIEN-(pyr), and DIEN-(imiy can be weakz-donors or
(for Ni complexes) of the collisions with GEN resultin  z-acceptors and reports have shown thatCM can act as
stable product formation. For ions at room temperature, thesez-donor?°7 For the square pyramidal and trigonal bipyra-
relatively high reaction efficiencies suggest that the reaction midal complexes, metals with between 5 and 8 d-electrons
barriers are not very large. (i.e., Mn(ll) through Ni(ll)) can form either high- or low-
Another factor that could affect the kinetics of these Spin complexes. Literature reports show, however, that five-
reactions is a radiative contribution to product stabilization. coordinate complexes containing these metals tend to form
In eq 3, we assume that helium is the sole contributor to only high-spin systems when complexed to ligands having
product ion stabilization. In actuality, radiative stabilization N-containing functional groups. Usually, complexes with
can also occur, and its propensity might affect reaction Weakly electronegativer-donors (e.g., P-containing func-
kinetics in unexpected ways. We do not, however, expect tional groups) are required to obtain low-spin comple€é3.
radiative contributions to play an important role in product Nonetheless, both high-spin and low-spin possibilities have
ion stabilization because of the relatively high pressure of P&€en considered for Mn(ll), Fe(ll), Co(ll), and Ni(ll), but
helium in our experiments. Nonetheless, we have begun toth® MOSE values for only the high-spin cases are listed in
investigate this possibility, and early results suggest that theth® Supporting Information. For the octahedral complexes,
rate of collisional stabilization exceeds the rate of radiative Mn(I), Fe(ll), and Co(ll) can adopt either high-spin or low-

stabilization by over 2 orders of magnitude, which confirms SPIn configurations, and while both possibilities have been
our expectation considered only the high-spin cases for these metals are

. L L ' listed.
To summarize the theoretical investigations, we find that N o .
. X A After considering the numerous possibilities of spin states,
the ONIOM embedding approach provides insight into the L . . S
" .~ coordination geometries, and ligand donor contributions, the
probable structures of these complexes. Specifically, the five- .
. . . : experimental trend can be now understood. A plot of
coordinate complexes are closer to trigonal bipyramidal than ; : -
. . . ) AMOSE values as a function of metal is shown in Figure 5.
to square pyramidal. The predicted reaction free energies ar

. . ) . SFor clarity, not all the possibilities are included, but rather
of similar mqgn!tude to t.hqse obtained e>.<per|me_n_tally at300 only those combinations that best explain the experimental
K, bgtquantltatwe predictions of trepds in rgactlvny.are not +ond are plotted. Figure 5 compares the experimen@
possible. Fortunately, the geometric information provided can values @ in Figure 5) with theAMOSE values for (L

be used in evaluating molecular orbital stabilization energies,
which do provide an explanation of our experimental results (g7y jorgensen, C. K.; Pappalardo, R.; Schmidtke, HJ.HChem. Phys

(vide infra). (68) Senter. G B C. Mol. Phys 1965 9, 40
. . . chaffer, C. E.; Jorgensen, C. ol. Phys 1965 9, 401.
AOM Calculations. Given the numerous possible per- (9) Schaffer, C. EPure %ppL Chem197Q 231/, 361
mutations with the ONIOM calculations, stabilization ener- (70) Storhoff, B. N.; Lewis, H. CCoord. Chem. Re 1977, 23, 1—29.
. (71) Howell, J. A. S.; Saillard, J.-Y.; Le Beuze, A.; Jaouen, JGChem.
gies from the angular overlap model (AOM) were used as a Soc., Dalton Trans1982 2533-2537.

way to understand the experimental trends. The AOM was (72) Sazcconi, L.; Speroni, G. P.; Morassi,IRorg. Chem196§ 7, 1521~
1525,

(73) Morassi, R.; Bertini, |.; Sacconi ICoord. Chem. Re 1972 8, 351—
(66) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183-5185. 367.
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and Co(ll) the 4y orbitals are only partially filled. This
partially filled character means that these metals can be
stabilized byz-bonding whereas the completely filleg, t
orbitals of Ni(ll), Cu(ll), and Zn(Il) do not allow stabilization
upons-bonding. Because Mn(ll) has only 3 electrons in the
tog Orbitals, it can be stabilized the most bybonding. This
stabilization explains why the Mn(ll) complexes are more
reactive than the Fe(ll) or Co(ll) complexes.

One way to test this conclusion experimentally would be
to react the complexes in this study with a reagent gas that
has nos-donating ability. Ifz-bonding is important, then
the reactivity trend should change when a reagent likg NH

molecular orbital stabilization energy (MOSE) calculations as a function s ysed. Unfortunately, Nidoes not form an adduct with

of metal. ExperimentalAG values are represented by the symi#gland

the scale for these experimental values is shown on the right-hand side of

the plot. AMOSE values considering onty contributions from the ligands
are represented by the symim| AMOSE values considering bothand
st-donor contributions from the ligands are represented by the sy@bol
and AMOSE values considering contributions from DIEN-(pyr) and a
st-donor contribution from CBECN are represented by the symixl The
scale for theAMOSE values is shown on the left-hand side of the plot.

only contributions from the ligand®l(in Figure 5), (2)o
contributions from DIEN-(pyr) and asr-donor contribution
from CH;CN (a in Figure 5), and (3)o and mw-donor
contributions from all the ligand®(in Figure 5). Because
the zr-orbital overlap integral (g values are usually much
smaller than the gvalues (i.e.;r-bonding is much weaker
than o-bonding), a correction factor is needed to allow a
direct calculation of theAMOSE values. An arbitrary
correction value of 1/12 (¢e,) was found to qualitatively

reproduce the experimental data. For each plot of the
AMOSE values in Figure 5, a conversion from a high-spin

trigonal bipyramidal Ds,) complex to a high-spin octahedral

any of the complexes in this study at the typical gas pressures
used. This is likely because the enthalpy of this reaction is
too low to overcome the unfavorable reaction entropy at
room temperature. In fact, to date we have not found a
reagent gas devoid of-bonding ability that simply forms
an adduct with M(DIEN-(pyp)?>t or M(DIEN-(imi),)>*
complexes. Reactions of Nivith another complex in which
the pyridine or imidazole functional groups are replaced by
tetrahydrofuran (THF) moieties (i.e., M(DIEN-(TH{F")
have been somewhat telling. In this situation, the reaction
free energy of the Mn(Il) complex of DIEN-(THE)s much
reduced relative to Ni(ll) and becomes similar to the Co(ll)
complex. Future work will seek to further experimentally
confirm the importance afr-donating ability.

Conclusions

Metal complexes containing a first-row divalent transition
metal and a pentadentate ligand have been reacted in the

(On) complex is shown. None of the other geometric or spin gas phase with acetonitrile (GEIN). The kinetics and
state combinations comes as close to explaining the experi-energetics of reagent addition clearly show that these
mental data. Of course, the five-coordinate complexes of thereactions are sensitive to the electronic structure of the
different metals do not necessarily all have to have the samecomplex. The trend in reactivity for the metals with a given
coordination geometry, but the MOSE values come closestligand is Ni(ll) > Mn(ll) > Fe(ll) > Co(ll) > Cu(ll) =~

to explaining the experimental data if all the reactant Zn(ll). Both theoretical calculations and the AOM have been

complexes hav®s, symmetry.

employed to understand the reactivity trend. Hybrid calcula-

Close inspection of the data in Figure 5 provides some tions using the ONIOM method, in which the metal center

interesting insight into the reactivity of the complexes. A
comparison of the calculated trend using opnhponding
contributions with the trend calculated usimgandz-bond-
ing (Figure 58 vs A) shows that the octahedral complexes
of Mn(ll), Fe(ll), and Co(ll) are stabilized to differing
degrees by ther-donor ability of CHCN. In fact, the
m-donor ability of CHCN seems to be responsible for the
relatively high reactivity of the Mn(ll) complex. If one
considers the d-orbital configuration for Mn(ll), Fe(ll), and

and the atoms bound to it are treated at a DFT level and the
remainder of the ligand is treated by molecular mechanics,
are able to roughly reproduce the experimental trends.
Complete quantitative or qualitative agreement between the
ONIOM calculations and the experimental data, however,
was not possible. This lack of agreement is likely due to the
failure to calculate all the potential isomers for both the
reactant and product ions. Further optimization of the
ONIOM method and consideration of all relevant isomers

Co(ll) in the octahedral complexes, the physical reason for should lead to better agreement between the calculated and
this stabilization becomes clear. When placed into an measured values.

octahedral environmental, the 5 d-orbitals of the metals split

into two groups {; and g orbitals). The 4; orbitals consist
of the d, dy, and g, orbitals, and the gorbitals consist of
the dz and dz_ orbitals. The 4, orbitals have the appropriate
symmetry to allow overlap with the-orbitals of CHCN,
and in the case of high-spin complexes of Mn(ll), Fe(ll),
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The AOM provides a better fit to the experimental data
when botho- and #-bonding are considered. Specifically,
only when thesr-donor capability of CHCN is taken into
account can the enhanced reactivity of the Mn(Il) complexes
be explained and complete qualitative agreement with the
experimental data be achieved. Interestingly, both the
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ONIOM calculations and the AOM indicate that the five- some interesting insight into chemical transformations in-
coordinate complexes react from trigonal bipyramidal or volving divalent metal complexes.

slightly distorted trigonal bipyramidal structures with high-

spin-state configurations. These results suggest that ion ~ Acknowledgment. M.Y.C. would like to thank the
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