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Effect of Coordination Geometry on the Gas-Phase Reactivity of Four-Coordinate Divalent
Metal lon Complexes
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The gas-phase reactions of ammonia with M(EN-£3y) M(en)(pherj*, and M(pheny*, where M is Mn-

(1N, Fe(ll), Co(ll), Ni(l1), Cu(ll), or Zn(11), EN-(py). is 1,6-bis(2-pyridyl)-2,5-triazahexane, en is ethylene-
diamine, and phen is 1,10-phenanthroline, have been studied in a quadrupole ion trap mass spectrometer. The
trends in reactivity as a function of the metal are noticeably different for each complex despite the similarity
of the ligand donor groups. These results indicate that coordination geometry and electronic structure have a
significant impact on the gas-phase reactivity of four-coordinate metal complex ions. Specifically, for M(EN-
(py)2)?* the equilibrium constants for the reactions with ammonia follow the trenccsMre~ Co > Zn >

Cu > Ni. The trend for the equilibrium constants of the M(en)(pRémpomplexes is M= Co> Ni > Cu

> Zn, and for the M(phenj" complexes, the trend is Nt Mn ~ Fe > Co > Cu > Zn. The most notable
changes in reaction equilibrium constants occur for the Ni and Zn complexes, which increase and decrease,
respectively, as the ligands are changed from ENx({myjen)(phen) to (phep)Molecular orbital stabilization

energy (MOSE) and density functional theory (DFT) calculations are used to explain the experimental trends.
Calculations indicate that the changes in reactivity observed for the Ni complexes are a result of different
complex geometries; Ni(EN-(pyf* is a low-spin square-planar complex, and Ni(ph&h)s a high-spin
tetrahedral complex. The decreased reactivity of the Zn complexes is due to the formation of a less distorted
tetrahedral complex upon going from Zn(EN-(py) to Zn(phen)*. In addition, calculations show that the
reactivities of the Mn, Fe, and Co complexes are consistent with slightly distorted tetrahedral structures, and
the reactivities of the Cu complexes indicate that the complexes of this metal are close to square planar.

Introduction Several means of gathering gas-phase structural information
for metal complexes have been developed. Often these methods
rely on a synergy between experimental results and theoretical
calculations to draw conclusions. Experimentally, dissociation
techniques are commonly applied because mass spectrometers
are very good at measuring mass changes that accompany ion

activation by metal ions as a function of electronic structure, . . : : L . ;
. . . . dissociations. Gas-phase ion dissociations are typically induced
ligand chemistry, and thermodynamic factors via gas-phase o L - 4 o

by collisional activation or photoactivation. With collision-

I ) :
SIUd'eS?. Indeed, recent experiments ha_lve drawn very d|rept induced dissociation (CID), the magnitude of the mass change
comparisons to catalytic species involved in, for example, olefin

. X ‘ X X 3
metathesid? 2© C—H bond actvatiory 19 epoxidation reac-  150¢ 19 SERI Tredonal rube 1 e commeRes
tions2%-21and alcohol oxidation reactiod$These investigations Y, 9 P

benefit from the ability to evaluate catalytically active species used 0 draw conclus[ons apout .metall complex §truétb €,
. . - . especially when used in conjunction with calculations. In some
in the gas phase that are too transient to study in solution. The

7 . o . photoactivation methods, the kinetics and energetics of ion
otherwise short lifetimes of such species in solution do not pose . g A = )
. . . dissociation provide insight into gas-phase struct(#8again
a problem in the high-vacuum environment of a mass spec-

trometer. Furthermore, intermediates or catalytically active with help from theoretical calculations. In other photoactivation

species of interest can readily be isolated and studied WithoutteChmques’ the wavelengths required to dissociate ions are

; ; o measured in a manner very similar to solution-based optical
interferences from counterions, solvent, or additional complexesS ectrosconic method®-6 Such photodissociation methods can
that are usually present in solution. Studies of metal complexes P P : P

in the gas phase have also provided insight into metal ion andprovide very detailed structural information, but these methods
metal complex microsolvatiof-2” Again, the controlled are experimentally challenging and are usually limited to

environment of a mass spectrometer allows measurements O]:elatlvely small C(.)mplexes.. ] ]
solvation enthalpies and can provide insight into the details of he most readily accessible and experimentally straightfor-
the first and second solvation shells around metal ions and metalvard téchnique for attempting to gather structural information

ion complexes. In all of these studies, knowing the gas-phasefor metal complexes in the gas phase is CID. This method,

structure of the metal complexes of interest enhances ourNowever, has some limitations. One drawback is that upon

understanding of the underlying chemistry. energy deposmqn the structure of thg ion m|ght rearrange so

that the product ions are not necessarily indicative of the initial
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Knowledge of the gas-phase structures of metal complexes
is important for analytical, as evidenced by several reviws,
but also fundamental reasons. An enormous amount of funda-
mental information has been gathered about specific bond
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are usually weaker than the intraligand bonds, rearrangement

of the coordination structure before dissociation can possibly |—|
b b OO
N N
AN

occur. Also, upon dissociation it is often difficult to determine (-

if a lost fragment was originally bound to the metal or not. N
: . A4 M
Consequently, we have begun to investigate another means of /M 7N M
gathering metal-complex structural information using a more N \N O @ 7N
gentle approach that involves iemolecule (M) reactions. d b
I—M reactions maintain much of the simplicity of CID

3

experiments and can often be performed on the same instru-
mentation used to carry out CID experiments. 1 2

Recently, we have demonstrated thatM reactions can  Figure 1. Complexes examined in this worki = M(EN-(py),)2*, 2
provide some insight into the coordination structure of metal- = M(en)(phenj*, and3 = M(phen)?**.
complex ions. These reactions can indicate the coordination
number of a metal complex when the appropriate reagent gasPd on carbon). The mixture was then filtered, and the final
is chosen either to react selectively with complexes of a given product was recovered as a yellow oil after allowing the solvent
coordination numbéf—49 or to “titrate” the open coordination  to evaporate. Bidentate ligands ethylenediamine (en) and
sites®0 The kinetics and thermodynamics of these reactions have phenanthroline (phen), for complex2and3 in Figure 1, were
also been shown to be very sensitive to the functional groups purchased from Sigma-Aldrich (St. Louis, MO) and used
bound to the metal in the compléX.To further assess the  without further purification.

sensitivity of gas-phase—IM reactions to metal-complex Metal complexes were prepared by mixing MpCQFeCh,

coordination structure, we present here a study of the reactionsCoCk, NiCl,, CuCh, or Zn(CH;COO) solutions with the

of four-coordinate metal-complex ions with ammonia. appropriate stoichiometric amount of the ligand of interest in
100% methanol or water/methanol (50:50) to a final concentra-

Experimental Section tion of 50u4M. Complex ions were transferred to the gas phase

by electrospray ionization using a needle voltage of about 4
Instrumentation. lon—molecule reactions were performed kV and a flow rate of 1.6-2.0 uL/min. Typically, a capillary
on a modified quadrupole ion trap mass spectrometer (Brukertemperature of 150C and a capillary exit offset voltage of
ESQUIRE-LC, Billerica, MA). Instrument modifications and 20—30 V were used.
experimental conditions have been previously describéady Electronic Structure Calculations. Geometry optimizations
a brief overview is provided below. were performed on the various metdigand complexes using
Reagent and buffer gases were introduced into the ion trapthe Gaussian suite of computational chemistry progriiae
through a set of precision leak valves obtained from MDC calculations were carried out using the B3LYP meffod with
Vacuum Products Corporation (Hayward, CA). An ion gauge @ basis set containing effective core potentials (ECPs). The
was used to monitor the pressure inside the mass spectrometepresence of transition-metal centers with d orbitals and generally
To obtain an accurate gas pressure, a calibration of the ion gaugdligh-spin electronic configurations makes the use of an all-
was performed using the known deprotonation reaction rates electron basis set impractical for complexes of the size shown
of the 13, 127, and 11 charge states of ubiquitin with NH in Figure 1. ECPs were chosen instead to treat the heavy atoms
(99.99%, Matheson Tri-gas, Parsippany, RJJhe correction in our systems. In calculations involving ECPs, only valence
factor obtained from the calibration was then used, together with electrons and some outer-core electrons are considered because
the ion gauge sensitivity to NHHCHsCN, and He2 to calculate they are mainly responsible for bonding interactions. Electrons
the real pressures of the gases inside the mass spectrometei the atomic core regions, presumed to be chemically inert
He, NHs, and CHCN pressures used throughout the experiments because they are not significantly perturbed upon bonding, are
were (1.0+ 0.3) x 1074, (2.0+ 0.1) x 106 and (3.2+ 0.3) represented by an ECP. Thus, the total number of electrons
x 1077 Torr, respectively. The vacuum system temperature was treated explicitly was reduced, and the calculations for systems
monitored and kept at 30& 2 K using a heating blanket. with a large number of atoms were much more reasonable
lons of interest were selected and reacted with eithesdfH ~ cOmputationally. The basis set denoted as LANL2DZ in the
CH4CN for different periods of time. Reaction times and jon Gaussian program was employ#d?! LANL2DZ contains a =
isolation processes were controlled using ESQUIRE-LC soft- combination of Gaus_s|an orbital valence basis sets _and ab initio
ware. Kinetic data was obtained by monitoring the change in ECP§ to replace the innermost core electrons for third-, fourth-,
the intensity of the product and parent ions for up to 4000 ms. @nd fifth-row atoms.
Rate constants were determined by fitting the experimental ) )
kinetic data to a series of differential equations using the KinFit Results and Discussion

program?® Equilibrium constants were calculated as the ratio  Coordinatively unsaturated divalent metal complexes readily
of the forward and back rate constants or as the ratio of the react in the gas phase to add reagent gases. The number of
product and parent ion abundances at equilibrium in cases whergeagent gas molecules added and the kinetics and thermodynam-
the fitting process failed to provide meaningful values for the ics of these reactions are found to be dependent upon the nature
back rate constants. of the coordination sphere around the métaf962-65 This work
Ligand and Metal-Complex SynthesisThe synthesis of the  deals with the gas-phase reactivity of four-coordinate species
tetradentate ligand (EN-(py)for complex1 in Figure 1 was formed by the complexation of metal ions from the first
described previouslf. In short, 2-pyridinecarboxaldehyde was transition series with either one tetradentate ligand (ENxjpy)
mixed with ethylenediamine in a 2:1 (aldehyde/ethylenediamine) or two bidentate ligands (en and/or phen). In general, these four-
ratio in anhydrous methanol. The mixture was reacted for 24 h coordinate complexes add one reagent molecule to become five-
in a Parr shaking hydrogenator under a 60-psi atmosphere ofcoordinate when reacted with NH-or some of the complexes,
H2 (99.99%, Merriam-Graves, Springfield, MA) over Pd (10% the addition of a second NHmolecule is also observed,
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TABLE 1: Rate and Equilibrium Constants for the Reactions of M(EN-(py)2)?", M(en)(phen)*, and M(phen),>" Complexes

rate constant¥ 10~ cm?® moleculels™1)2 equilibrium constant 10° atnr?)P

metal EN-(py} (en)(phen) (phen) EN-(py) (en)(phen) (phen)
Mn 17+ 3 15+ 4 13+ 4 14+7 30+ 20¢ 50+ 30¢
Fe 12+ 1 d 12+5 6+ 0.7 d 50+ 20
Co 13+1 7+3 484 0.5 11+ 4 19+ 6° 3+1

Ni 0.5+0.2 2.2+ 0.7 24+ 8 0.02+ 0.01 0.3+ 0.1 120+ 4C°
Cu 0.4+0.1 0.8+ 0.1 e 0.10+ 0.05 0.10+ 0.02 e

Zn 3+1 0.8+0.1 0.02+ 0.01 4+ 1 0.07+ 0.03 0.005t 0.002

aThese values were obtained by fitting eq 1 to the experimental ti&guilibrium constants were obtained from the equator ki/k;, where
ki and k, are the values obtained by fitting eq 1 to the experimental dathe fitting for these data failed to provide a value for so the
equilibrium constant was determined directly from the mass spectrum taken under equilibrium contiittem&e(Il) complex of (en)(phen) was
difficult to generate by electrosprayNo significant addition of NH to the Cu(ll) complex of (phep)was observed.
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Figure 2. Typical kinetic plots obtained from the reactions of NH
with (a) Zn(EN-(py})?" and (b) Ni(EN-(py))?*.

indicating the formation of a six-coordinate complex, but the
abundance of this ion is generally very low. The signal
corresponding to the second addition of Niever exceeds a
relative abundance of 10%, which is consistent with previous
studies that demonstrated the selective reactivity of Mith
four-coordinate complexées.

By monitoring the reactions of M(EN-(pyf", M(en)-
(phen¥t, and M(phery?™ complexes as a function of time,
kinetic plots can be created. Figure 2 shows typical kinetic plots
for the reactions of Zn(EN-(py)?" and Ni(EN-(py})?" with
NHs. From these plots, it is evident that the reactions achieve

k
ML+ R==[ML + R]H% ML +2RF" (1)

The data in Table 1 clearly show that the reactivity of the
four-coordinate complexes is dependent on the nature of the
ligand(s) and the metal center. When EN-¢pig) the ligand,
the following reactivity trend is observed as a function of the
metal: Mn, Co, Fe> Zn > Cu, Ni. The trend changes slightly
when the two bidentate ligands en and phen are bound to the
metal (i.e., M(en)(pheR} complexes) so that the observed trend
is Mn, Co> Ni > Cu, Zn. An even more significant change in
the reactivity is observed when two phen ligands are bound to
the metal (i.e., M(phesd"™ complexes) such that the trend in
reactivity is Ni> Mn, Fe> Co > Cu, Zn.

Unique Reactivity of the Ni(ll) and Zn(Il) Complexes. The
most notable variations in reactivity as the ligand is changed
are observed for the Ni(ll) and Zn(ll) complexes. The equilib-
rium constants for the reaction of Niith the Ni(ll) complexes
increase from 0.02 to 0.3 to 120 as the ligand(s) around it is-
(are) changed from EN-(py)to (en)(phen) to (phep) In
contrast, the equilibrium constants for the Zn(ll) complexes
decrease from 4 to 0.07 to 0.005 as the ligands are changed
from EN-(py) to (en)(phen) to (phem) The cause of the
reactivity change for the Ni(ll) and Zn(ll) complexes is likely
due to changes in the electronic nature of each metal as the
ligand is varied. Recent work showed that as the functional
groups bound to a given divalent metal ion are changed from
nitrogen- to sulfur- to oxygen-containing groups the gas-phase
reactivity of five-coordinate metal complexes with GIN
changed significantly® The reactivity of CHCN with the
complexes in that study provided some insight into the electronic
tuning of the metal by the different heteroatoms in the
coordination sphere. In the present study, the ligand donor
groups are not varied as much. Each ligand consists of four
nitrogen donors, at least two of which are in aromatic rings.
Furthermore, the reactivity of Mn, Fe, Co, and Cu complexes
does not change significantly as the ligand sphere is changed.
These results suggest that slight changes to the ligand donor
groups are not responsible for the significant differences in
reactivity observed for the Ni(ll) and Zn(Il) complexes.

Another possible explanation for the trends observed for the

equilibrium after about 2000 ms. The establishment of an Ni(ll) and Zn(ll) complexes is changes in the metal electronic
equilibrium can be confirmed by isolating the product (or parent) structure or electronic density caused by changes in the
ion after a reaction time of 2000 ms and allowing it to react for complexes’ coordination geometry. Our recent results with five-
another 2000 ms. Upon doing so, the same product/parent ioncoordinate complexes show that gas-phase reactivity is affected
abundance ratio is reestablished. Table 1 shows that significantby coordination geometf$ and that coordination geometry
differences in the kinetics and thermodynamics of these reactionsmight be expected to affect the reactivity of four-coordinate
exist for different complexes. The kinetic behavior of the complexes as well. In general, four-coordinate complexes adopt
reactions follows eq 1, and the reaction rate and equilibrium structures that are close to one of two ideal geometries, square
constants can be determined by fitting the experimental data toplanar D4,) or tetrahedral Tg). In our experiments, upon the
this equation. addition of a reagent molecule four-coordinate complexes
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TABLE 2: Molecular Orbital Stabilization Energies (MOSE) Calculated from the Angular Overlap Model for High- and
Low-Spin Square Planar D4,), Tetrahedral (Tq), Square Pyramidal (Cs,), and Trigonal Bipyramidal ( Dz,) Geometries,
Considering Only ¢ Contributions from the Ligands and NH;

MOSE (e)? AMOSE (g)
Dan Ta Cu Dan Dan— Cy, Dan— Dan Ta— Ca, Ta— Dan
High-Spin ML, to High-Spin MLs
Mn —4 —4 -5 -5 -1 -1 -1 -1
Fe —4 —4 -5 =5 -1 -1 -1 -1
Co —4 —4 -5 -5 -1 -1 -1 -1
Ni —4 —2.67 -5 —3.88 -1 0.125 —2.33 —-1.21
Cu -3 —-1.33 -3 —2.75 0 0.25 —1.67 —1.42
Zn 0 0 0 0 0 0 0 0
Low-Spin MLy to Low-Spin MLs
Mn -8 —6.67 —10 —8.88 -2 —0.88 —3.33 —2.21
Fe -8 —5.33 -10 —7.75 -2 0.25 —4.67 —2.42
Co -7 —4 -8 —6.63 -1 0.37 —4 —2.63
Ni -6 —2.67 -6 —-5.5 0 0.5 —3.33 —2.83
Cu -3 —1.33 -3 —2.75 0 0.25 —1.67 —1.42
Zn 0 0 0 0 0 0 0 0
Low-Spin ML4 to High-Spin MLs
Mn -8 —6.67 ) -5 3 3 1.67 1.67
Fe -8 —5.33 -5 -5 3 3 0.33 0.33
Co -7 —4 ) ) 2 2 -1 -1
Ni —6 —2.67 -5 —3.88 1 2.12 —2.33 —-1.21
Cu -3 —-1.33 -3 —2.75 0 0.25 -1.67 —1.42
Zn 0 0 0 0 0 0 0 0
High-Spin ML, to Low-Spin MLs
Mn —4 —4 -10 —8.88 —6 —4.88 —6 —4.88
Fe —4 —4 —10 —7.75 -6 —3.75 —6 —3.75
Co —4 —4 -8 —6.63 —4 —2.63 —4 —2.63
Ni —4 —2.67 —6 —-55 -2 -15 —3.33 —2.83
Cu -3 —-1.33 -3 —2.75 0 0.25 —1.67 —1.42
Zn 0 0 0 0 0 0 0 0

aMOSE values are given in terms afoverlap integrals. The values of the overlap integrals are assumed to be the same for each metal in each
coordination environment.

become five-coordinate and can have trigonal-bipyrammDg)) values indicate a greater degree of stabilization in the product
or square-pyramidal structureS4(). The preference for these ion complex relative to the parent ion complex and thus a more
geometric arrangements depends on the structural constraint$avorable reaction or higher reaction equilibrium constant (i.e.,
of the ligand, the electronic nature of the donor atoms (@e., —AG).
or r donors), and the metal’'s number of d electrons. When the Table 2 shows the MOSE values for ideal high- and low-
ligands are the same for a series of complexes, any differencesspin square-planar, tetrahedral, square-pyramidal, and trigonal-
in geometric arrangements are usually caused by the numbemipyramidal complexes and th®MOSE values for all of the
of d electrons on the metal. In such cases, the angular overlappossible geometric transformations starting as four- and going
model (AOMY% 6 can be used to obtain molecular orbital to five-coordinate complexes. Only teebonding contributions
stabilization energies (MOSE), which can be useful as a have been included in the MOSE values shown in Table 2
qualitative tool in examining the effects of different geometries because includingr contributions does not lead to a better fit
on d-orbital splittings. of the experimental data, which suggests thatteractions have
Angular Overlap Model Calculations. To understand better  a minimal effect on the reactivity of these complexes. For all
the experimental trends observed for the four-coordinate com- of the geometries considered, metals with between five and eight
plexes in this study, the AOM was used to calculate MOSE d electrons (i.e., Mn(ll) through Ni(ll)) can form either high-
values for the reactant and product structures while consideringor low-spin complexes. Four-coordinate complexes of these
all possible geometries, metal ion spin states,&rehdz-donor transition metals can either be high or low spin depending on
contributions from the ligands. The MOSE values indicate the the electronic structure of the metal center and the ligand’s
degree to which the d orbitals on a given metal are stabilized characteristic€’ Five-coordinate complexes of the same metals,
(or destabilized) relative to the free metal ion by a particular however, are usually high spin when complexed to ligands
geometric arrangement of ligand donor groups. The degree ofhaving N-containing functional groups. Typically, ligands with
energetic stabilization (or destabilization) for each d orbital is weakly electronegative donors (e.g., P-containing functional
typically given in terms ob-orbital overlap integrals (§ whose groups) are required to obtain low-spin five-coordinate
magnitudes are related to thebonding capacity of the ligand  complexes® 72 Nonetheless, both high-spin and low-spin
donor groups. The difference in stabilization enerdOSE) possibilities have been considered for the five-coordinate
between a product and reactant should be related to the reactiomomplexes of Mn, Fe, Co, and Ni, and the MOSE values for
AG and thus the experimental equilibrium constant, assuming both cases are listed in Table 2.
that theo-orbital overlap integrals (¢ are similar for each metal The AMOSE values suggest that the differences in reactivity
complex. This assumption should be fairly valid given that the between complexes, as seen in Table 1, can be explained by
same ligand is bound to each metal and any systematicdifferences in the geometries of the starting structures. Figure
differences between metals cancel upon subtracting the MOSE3 shows a few combinations that help explain the experimental
value for the reactant from that of the product. NegatWdOSE trends. Figure 3 and Table 2 indicate that the relatively high
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Figure 3. AMOSE values for selected transitions from four-coordinate 0.0 * * T *
square-planari)/tetrahedral Tg) reactants to five-coordinate trigonal- 0 1000 2000 3000 4000
bipyramidal Dan)/square-pyramidalG,) products. Time (ms)
equilibrium constants for the Mn, Fe, Co, and Zn complexes
can be explained by eith&y, or Ty geometries for the reactants ]'0‘; R .
and eitheD3y, or C4, geometries for the products because these o )
transitions lead to stabilized products (i.e., negathMOSE 50-8‘\
values). The reactivity of the four-coordinate Mn, Fe, and Co = 5,
complexes is not explained well, though, if they are considered 50.6- \ ,/ —=— (Ni(EN-(py),)*"
to be low-spinD4, complexes because the resultinlOSE g 2 / —— [Ni(EN-(py),) + CH;CNJ*
values are positive. The low equilibrium constants for Ni(EN- 2047 || —a [Ni(EN-(py);)+2CH3CN]2+
(py)2)2", Ni(en)(pherd*, and all of the Cu complexes, however, € e
can be explained only by, reactant geometries because 20.2_ f
transitions from this geometry lead to less-stabilized products *
(i.e., positiveAMOSE values). In fact, four-coordinate com- 00“[ : , : ,
plexes of d metal ions such as Ni(ll) are well known to be 0 1000 2000 3000 4000
stable as square-planar structui®g® The very high equilibrium Time (ms)

i +
con_st_ant for Ni(phenf*, however, can be understood by Figure 4. Kinetic plots for the reactions of (a) Mn(EN-(p)J" and
realizing that a tetrahedral Ni complex is expected to be more (p) Ni(EN-(py))2+ with CH:CN.

reactive than a square-planar Ni complex because of the greater

stabilization obtained upon the addition of a fifth donor group in the gas-phase by the addition of a reagent molecule, then
to its coordination sphere. This result suggests that the two phenhis five-coordinate complex should readily react to form a six-
ligands enforce a geometry close to tetrahedral for Ni whereas - odinate complex. Because BlH fairly unreactive with five-
EN-(py). and (en)(phen) allow Ni to adopt a more square-planar coordinate complexes in the gas ph&&enother reagent is
geometry. Ligand-induced variations between tetrahedral and,eeded to test this supposition. We observed previously that
square planar in Ni(ll) complexes are well known. Holm et al. CH4CN reacted readily with five-coordinate compleX@so
reported geometric fluctuations in Ni(ll) complexes as a function 4 EN-(py) complexes of each of the metals were reacted with

of the ligand's size. Basically, the introduction of bulky nis reagent gas. Figure 4 shows the kinetic plots for the
functional groups into ligands around Ni can enforce a high- reactions of Mn(EN-(py)2+ and Ni(EN-(py})2* with CHsCN.

spin tetrahedral structure whereas less-bulky functional groups 1. main difference between the two plots is the relative
on the ligands around Ni usually result in square-planar, i, o4-oco of the species [M(EN-(py} CH:CNJ2+, which is
d|ama_gnet|c geometrléé.Ewdently, the aromatic rngs of the the five-coordinate complex that is necessarily formed before
phen "gaf‘ds proylde e’?"”gh steric bulk to force the_N|(m¥én)_ the six-coordinate complex with two GHN molecules is
complex into a high-spin tetrahedral geometry, which explains formed. In the case of the Mn complex (Figure 4) and the Fe

;iglgki](;?fnr\géflr::gr?wntlr:;et:,stgereil?:;sfjf)l:rl]kth?arl:l(;(illl\l(;v(?gl’\l)i to and Co complexes (data not shown), the five-coordinate complex
P P y reaches almost 100% relative abundance before it starts forming

adopt a more favorable low-spin square-planar geometry. the product with two CHCN molecules. The Ni complex

Furthermore, as mentioned above, five-coordinate metal com- . ) -
plexes of first-row transition metals with amine-based ligands how2e+ver, behaves differently. The Species [N'(EN'@% CHs-
CNJ?* does not reach a maximum before adding the second

are usually high-spin species, and Table 2 shows that theCHgCN molecule. In fact, the Ni complex adds the second

conversion from a low-spiD4, complex to either a high-spin . .
Cy4, or Dan complex is relatively unfavorable with positive molecule of CHCN at a faster rate than it adds the first.

AMOSE values. Thus, the reaction does not proceed very The decreasing reactivity of the Zn complex upon changing
extensively. the ligand is more difficult to explain using MOSE calculations
The low equilibrium constants for Ni(EN-(py¥" and Ni- because the i configuration of Zn(ll) prevents any ligand-
(en)(phemd* are also the consequence of the low stability of field stabilization. Instead, the reduced reactivity probably has
five-coordinate Ni(ll) complexes when compared to that of five- something to do with the tendency of four-coordinate Zn(ll)

coordinate complexes of Mn(ll), Fe(ll), and Co(ll) (Table 1). complexes to adopt tetrahedral geometries. The EN-(jaygnd
Indeed, MOSE calculations indicate that five-coordinate com- is certainly more strained than (en)(phen) or (pherjen trying
plexes of Ni(ll) should undergo facile reagent addition because to adopt a tetrahedral geometry. The result is that the donor
six-coordinate complexes of Ni(ll) are stabilized to the same atom orbitals of EN-(py) do not overlap as effectively with
extent as six-coordinate complexes of Mn(ll), Fe(ll), and Co- Zn’s d orbitals, which leads to a more electropositive Zn center
(11).85 Given this observation, if a square-planar four-coordinate that is more reactive. The two bidentate ligands in both (en)-
Ni(ll) complex can be converted to a five-coordinate complex (phen) and (phen)provide greater flexibility, and its donor
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TABLE 3: Geometric Descriptors (8, )2 from Optimized interactions between the pyridine rings. The distorted square-

Structures at the DFT/LANL2DZ Level planar structures for Ni(EN-(py)f* and Ni(en)(pher®) are
M(EN-(py)2)?* M(en)(phenj* M(pheny?* consistent with their low reactivity, as suggested by the MOSE

metaP ; w ; o A o calculations. Mn, Fe, Co, and Zn complexes are closer to

tetrahedral geometries, as the@ndw values indicate. Calcula-

l'\:/In 61.0 763 621 37 628 720 igng of the M(phen™ complexes lend support to the sup-

e 61.7 74.7 61.8 74.5 59.3 80.2 o ) -

Co 624 731 613 756 618 745 Position that Ni(phenft is tetrahedral and not square planar,
Ni (S=0)79.6 29.1 $=0)886 4.1 647 68.0 which explains its increased reactivity as noted from the MOSE
Cu 775 34.8 87.0 8.61 76.2 383 calculations. The hydrogen atoms on the 2 and 9 positions of
Zn 628 72.1 614 75.4 620 739  the phen ligands seem to provide steric interactions that prevent

a|n degrees® High-spin state unless indicated otherwiSe= 5/, Ni from adopting a preferred square-planar geometry. Interest-
for Mn(ll), S= 2 for Fe(ll), S= 3, for Co(ll), S= 1 for Ni(ll), S= ingly, though, the Cu complex of (phenmnaintains a structure

!/ for Cu(ll), andS = 0 for Zn(Il). that is close to square planar. The ionic radius of Ni(ll) in

square-planar complexes is 0.49 A, and for Cu(ll), it is 0.57
A.78 Evidently, the larger radius of Cu allows it to position the
phen rings further from each other so that the steric interactions
between the rings are reduced and the complex can attain a
square-planar structure. The low reactivity of the Cu(pjfen)
complex supports this idea. The MOSE calculations indicate
that square-planar Cu(ll) complexes should have low reactivity
and tetrahedral Cu(ll) complexes should be more reactive.

Conclusions

In summary, the results presented here indicate thad |

Figure 5. Geometry-optimized structure of CU(EN-(8) indicating reactions are sensitive to the geometry of certain four-coordinate,

the two angles used to descrifendw. f§ is the average of./2 and g_as-phase divalent meta}l_-cor_nple_x ions. For metals ir_] which a
0,2, andw is defined by eq 2. different degree of stabilization is expected depending upon

whether the complex is square planar or tetrahedral (e.g., Ni-
atoms can more easily orient themselves toward Zn, which leads(ll) and Cu(ll)), the kinetics and thermodynamics of reagent
to reduced reactivity. addition can indicate the geometry of the complex. Furthermore,
Density Functional Theory Calculations.To further confirm because four-coordinate Zn(ll) complexes typically adopt
these conclusions, density functional theory (DFT) calculations tetrahedral geometries;-M reactions may be able to provide
were also performed on each of the complexes in Figure 1. geometric information for complexes of this metal because Zn
Because of the complexity of transition-metal-containing spe- complexes that have difficulty adopting tetrahedral geometry
cies, effective core potentials (ECP) were used to perform are likely to be more reactive than Zn complexes that can readily
geometry optimizations. For complexes in which high-spin and adopt this geometry. Currently, our results appear to be limited
low-spin states are possible, both were calculated. In all casesto simply distinguishing between the two extreme four-

but two (i.e., Ni(EN-(pyy)?t and Ni(en)(pher?)), the high- coordinate geometries, but future work may make it possible
spin complexes were found to be considerably lower in energy. for I—M reactions to determine the degree of distortion in

The low-spin and high-spin states of Ni(EN-(p)) differed tetrahedral or square-planar structures.

by only 3.5 kJ/mol, which is within the error of the calculation, Determining the gas-phase coordination geometry of metal

whereas the low-spin state of Ni(en)(ph&njvas found to be complexes should provide some fundamentally useful informa-
67.3 kd/mol lower in energy than the high-spin state. The tion. For example, a comparison of gas-phase structures with
geometric characteristics of all of the complexes calculated are solution-phase or solid-state structures might lend insight into
displayed in Table 3. The square-planar or tetrahedral characteithe effects of solvent or crystal-packing forces on metal-complex
of a four-coordinate complex can be determined from the structure. In addition, because the gas phase provides a unique
parameterg and w (Figure 5).5 is defined as half of the  environment in which short-lived (e.g., reaction intermediates)
average angle formed by the central metal atom and the twometal complexes can be studied, the ability to gather detailed
trans donor groups (i.e.,;INM—N3z and N—M—Ng in Figure coordination structure information for such complexes might
5) and is equal to 90for pureD4, geometry and 54 for pure provide some interesting insight into the chemical transforma-
Ta geometry’” o is the dihedral angle between the two planes tions that these species undergo.

that contain the central metal ion and the two cis donor groups

and is equal to Ofor pure Dsn geometry and 90for pure Ty Acknowledgment. M.Y.C thanks the Schering-Plough Re-
geometry’” The relationship betweeft andw is given by eq search Institute for a summer research fellowship. Partial support
2: for this work came from the Office of Naval Research under
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