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First Reported Correlation between the Calculated Gas-Phase Proton Macroaffinities of
Some Metal Complexes with Their Measured Formation Constants in Solution: Zn(ll)
Complexes of a Series of Tripodal Aliphatic Tetraamines
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A theoretical study on the first protonation step of a series of metal complexes with the general formula
{M(N[(CH2)aNHZ][(CH2)mNHZ][(CH2)pNH2])?'} (n=m=p=2,tren;n=3,m=p =2, peen=m= 3,
p=2,ppen=m=p=3,tpt;n=2,m=3,p =4, epb; anch = m= 3, p =4, ppb; and M= Zn?") was
reported using both the Hartre€ock and DFT (B3LYP) levels of theory. For the first time, two kinds of

our recently published definitions for gas-phase proton affinities of polybasic ligands, proton microaffinity
and proton macroaffinity, were extended to their metal complexes. There is a good correlation between the
calculated gas-phase proton macroaffinities and the corresponding formation constants in solution.

Introduction N n=2, m=3, p=4 epb
. . n=m=3,p=4  ppb (abbp)
Rt_e_cently, we app!led three newly deflne_d gas-.phase proton n=m=3,p=2  ppe &"}bap§
affinities for polybasic molecules: proton microaffinity, proton (HC)y (CHy, (1D n=m=2,p=3  pee (baep
macroaffinity, and proton overall affinity. We established an n=m=p=3 tpt (trpn)
equation, eq 1, for the calculation of proton macroaffinities, n=m=p=2 tren
PA,, of polyamine molecules with any type of symmétry H,N NH, NH,

Figure 1. Structures of the tripodal tetraamine ligands investigated
here along with their common abbreviations.

I m
Z Z PAR, S
ﬁ _=/= @ corresponding solution/protonation macroconstants (see egs 3
I m and 4) for a number of tripodal tetraamines (see Figure 1; tren,
Z RS pee, ppe, tpt, and ppb) that in recent years have been of
ISi= Y interest?—¢ Furthermore, the correlation between the calculated
K log PA,, and the measured g8, (see eq 5) particularly was
whereRj = 324 Ri-1jS-1j. excellent for the latter tetraamines
This formula shows thafA, not only depends on the
proton microaffinitiesPA,;, and the relative abundance of the HO LoD gt =L ®)
. . . n—1 n
species that is related to theiR,j, but also to the available
identical sites that undergo protonatid®,. Obviously, the .
relative abundance of the initial neutral molecie;, is 1, and _ HL™]
that of any other species depends on both the relative abundance Ko = [H L(n—1)+][H +] (4)
of the previous specie,-1j, and the available identical sites n-1
on them,S,-1j, which are involved in its formation.
The proton overall affinity,PA,, also is defined as the B = KKz K, (®)
negative of the electronic energy difference between L and its
fully protonated form (herein, {4 together with a correction ~ Very recently, we showed that our definitions for proton
for the difference in zero-point energies. According to Hess's affinities of polybasic molecules are reliable for more bulky
law, the summation of the calculated proton macroaffinities for polybasic molecules. We also investigated the Maxwell
one polybasic moleculeP@y,, see eq 2) must be the same as Boltzmann equation (eq 6) for the calculation of the probability

or very close to its proton overall affinit Ay distribution ) of differentn protonated species in the proto-
nation steps of the latter molecules. We showed that the equation
_ m___ (eq 1) for the calculation of proton macroaffinities for this type
PA,= ) PA, (2) of polybasic molecule is more reliable than other equations
n= including the Boltzmann distribution (egs 7 and 8)
For first time, we showed that there is a good correlation GO
between the calculated gas-phase proton macroaffinities and the g ATRT )
X¥X=—"-
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Figure 2. lllustration of all possible paths for the gas-phase first protonation step of Zi({af), Zn(pped™ (b), and Zn(epl) (c) along with
calculated proton microaffinities (kcal md). Calculations were performed at the B3LYP (bold) and HF (plain text) levels using the 6-31G* basis
set for C, H, and N atoms and Lanl2dz for metal ions.
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TABLE 1: Calculated Zero-Point Energies, Total Energies, Electronic Energy (Hartree), and Proton Microaffinity PA; of the
ZnL 2" Complexes with the 6-31G* Basis Set for C, H, and N and the LanL2DZ Basis Set for the Metal lon

B3LYP
species protonated site ZPE Eo Eel PA
Zn(L222yp* 0.270286 —2237.066459 —2237.3367454
Zn(L222Hp" 2 0.282257 —2237.131397 —2237.4136541 40.75
Zn(L322y¢" 0.299278 —2276.362303 —2276.6615812
Zn(L322Hp" 2 0.310961 —2276.434913 —2276.7458740 45.56
Zn(L322Hy* 3 0.311150 —2276.447607 —2276.7587566 53.52
Zn(L332¢" 0.328020 —2315.654502 —2315.9825214
Zn(L332Hp" 2 0.339661 —2315.730955 —2316.0706160 47.97
Zn(L332Hy* 3 0.340098 —2315.754747 —2316.0948450 62.90
Zn(L333y* 0.356946 —2354.945215 —2354.9452150
Zn(L333Hy* 3 0.368470 —2355.042957 —2355.4114268 61.33
Zn(L433y* 0.385923 —2394.224877 —2394.6108001
Zn(L433Hy* 3 0.397684 —2394.334219 —2394.7319037 68.61
Zn(L433Hy" 4 0.397782 —2394.362301 —2394.7600824 86.23
Zn(L432y" 0.356776 —2354.940646 —2355.2974225
Zn(L432Hp" 2 0.368562 —2355.028123 —2355.3966850 54.89
Zn(L432Hy* 3 0.368465 —2355.048915 —2355.4173802 67.94
Zn(L432Hp" 4 0.368655 —2355.070747 —2355.4394014 81.64

al 222, L322, L332, L333, L433, and L432 correspond to tren, pee, ppe, tpt, ppb, and epb tripodal tetraamines, respectively.

n Computational Methods
s ; PAW The geometries of all complexes were fully optimized at both
PA=—— (7) Hartree-Fock and DFT (B3LYP) levels of theory using the
n Gaussian 98 set of prografhhe standard 6-31G* basis set
X; was used for C, H, and N. The Lanl2dz basis set was used for

= metal ions. This basis set includes the effective core potential
(ECP) for metal ions. Vibrational frequency analyses, calculated

PA R, S X at the same level of t_heory, in_dicated that opFimized structures
o JZ IZ SR ALY are located at the stationary points corresponding to local minima
PA, = (8) without any imaginary frequency. Calculations were performed
I m on a Pentium-PC computer with a 3600 MHz processor. A
Z Rn,an,iXi starting molecular mechanics structure for the ab initio calcula-
I=1i=

tions was obtained using the HyperChem 5.02 progfam.

We were interested in investigating as to whether our definitions Results and Discussion
for proton affinities of polybasic molecules are reliable not only
for a free polydentate ligand but also for the ligand coordinated
to the metal ion. It is clear that the protonation of the coordinated

?honotr z;tlotm V\f"” rerr][_ov? It fro:nl'Fhe rgetal |o|n. Obviously, as zero-point energies. To converetld K value to 298 K, one
e stability of a particular metaligand complex increases (a has to include thermal corrections for the translational, rotational,

result of Iigan_ekmetal_ bO“d‘”9 interactions), the proton affinity and vibrational energies and a correction for the change in the
of the coordinated ligand will be decreased. Thus, we were , \mber of molecules assuming ideal gas behaVi@efined
interested in knowing as to whether the formation constants (seej, these ways, the proton affinity of L is a positive number; the

eq 9) of metal complexes of a series of related ligands can beygre positive the number, the greater the energy gained by the
correlated with the proton macroaffinities of the coordinated system upon association ofHwith L is.

ligands. Thus, in this paper, we report a theoretical study of For each polybasic molecule, there are several different sites
the first protonation step of a series of metal complexes of the at which protonation can occur; protonation of different sites
general formuld Zn(N[(CHz)sNH2|[(CH2)mNHZ][(CH2),NH])} 2+ will release different amounts of energy. Recently, we used the
(n=m=p=2tren;n=3, m=p=2, peen=m=3,p term microaffinity for the protonation of one special site in a
=2,ppe;n=m=p=3,tpt;n=2,m= 3, p =4, epb; and polybasic molecule, and in the present work, we used the same
n=m= 3, p = 4, ppb; Figure 1) using Hartred-ock and term for the corresponding metal complexes. For the complexes
DFT (B3LYP). These systems were selected not only becausein this paper, protonation could occur at either the bridgehead
of our own interest in the synthesis and application of such (tertiary) amine N atom or at one of the primary amine N atoms;
ligand$~® but also because the experimentally measured forma- furthermore, if the three arms of the ligand are not the same,
tion constants for a series of metal complexes of these interestingthere will be a choice as to which primary amine is protonated

The proton affinity of a monobasic neutral ligandaK is
defined as the negative of the electronic energy difference
between HL" and L together with a correction for difference

ligands in solution are availatfle first. Protonation of the tertiary amine N atoms is energetically
disfavored as compared to protonation of one of the primary

M™ L= ML™ amine sites. This is because of the electrostatic interaction
between the protonated amine cation and the metal center. As

ML n+] can be seen in Figure 2, the primary amine group, upon

= 9) protonation, is free to move away significantly from the metal

(=
[MIIL] cation, but the tertiary nitrogen atom, which is constrained by
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Figure 3. Correlation of logKs vs calculatedPA, for the first

protonation step of Zn complexes with tren, pee, ppe, tpt, and ppb at

both HF and B3LYP/6-31G* levels of theory using LanL2DZ for metal

ions. Panels ac were calculated using eqs 102, respectively.
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microaffinities in the first protonation step of the complexes of
polybasic ligands depends not only upon the number of basic
sites but also upon the symmetry of the compleie$he
complexes investigated here belong to M@\MHi.e., M(tren)
and M(tpt)], M(ABC) [i.e., M(pee), M(ppe), and M(ppb)], and
M(ABCD) [i.e., M(epb)] general types, in which the bridgehead
tertiary amine atom is denoted as A, and the primary amine
sites are donted as B/C/D. According to the previous discussion,
if we assume that the tertiary nitrogen atom (A) does not
undergo protonation, then we have one, two, and three different
microaffinities, respectively, for the latter general types. One,
two, and three different paths for protonation of latter general
types are shown in Figure 2 for M(tpt), M(ppe), and M(epb),
respectively.

In the present case, where we study only the first protonation
step of the metal complexes, we can use the following simple
form of egs 1, 7, and 8:

> PAS
PA=— (10)
> S
i PAX
PA=—— (11)
X
i=1<bu>m
S PASX
PA=— (12)

S

In eq 10,PA is one of the calculated proton microaffinities
in step 1, and§ denotes the available identical sites to undergo
protonation. In egs 11 and 12, in contrast to eq 10, the population
of the various speciesq] is considered; this is evaluated from
the computed Gibbs energies through a Boltzmann distribution.
Whereas in the case of eq 11, the proton macroaffinities are
calculated mainly according to a Boltzmann distribution, in eq
12, the latter distribution is added to eq 10. For the calculation
of proton macroaffinities in each protonation step of the amine,
in the case of eq 11, all proton microaffinities in that step and
the population of the related species are considered. On the other
hand, in the case of eq 12, in addition to all proton microaf-
finities and the population of the related speci&salso is
considered.

The following results were obtained from the study of proton
microaffinities and the calculation of the first proton macroaf-
finity of the metal complexes using eqs-102: (1) For all
complexes, the smallest calculated proton microaffinity is related
to the amine group on the coordinated ethylene arm, and the
greatest one is related to the amine group on the butylene arm

being connected to three coordinated primary amine groups, is(see Table 1). This is consistent with the fact that seven-

not free to move away from the metal ion upon protonation but
is held close to it. Thus, the involvement of the tertiary amine
N atom in first protonation step of these complexes can be
ignored, and herein, we consider only the protonation of the

membered chelate rings are less stable than six-membered rings
and that both are less stable than five-membered chelate*ifgs.
(2) As can be seen in Table 2, the smallest proton macroaffinity
is calculated for the [Zn(trem] complex. In fact, the order of

primary amine groups in these complexes. The number of protonthe first proton macroaffinity for the Zn complexes is [Zn-
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TABLE 2: Comparison of Predicted Formation Constant Conclusion

for Zn(epb)?* with Measured Formation Constants for ) ) ]
Other Zn Complexes of Tripodal Ligands Studied Here? The results of this work show that the reliable theoretical
along with Calculated Gas-Phase Proton Macroaffinities calculation of the gas-phase first proton macroaffinity of

(kcal mol~?) for the First Step of Protonation of Ligands and

Corresponding Complexes polybasic molecules coordinated to a metal ion, according to

proton microaffinity analysis, is possible. The formation con-

PA, (ZnLy?* stants of metal complexes of a series of related ligands can be
L logK (ZnL?* eq10 eqil eq 12 B (L)° Ic_orre(!lated with the proton macroaffinities of the coordinated
tren 14.65 40.75 42.19 40.75 42.19 40.75 42.19 222.00 'gands.
pee 13.35 48.20 49.23 51.43 5321 50.21 51.75 225.30 ) _ ) _
ppe 12.01 57.92 58.55 52.19 53.29 54.55 56.07 231.00 Supporting Information Available: Calculated zero-point
tptb 203-}77 341132 %-32 %gg g;-gg %33 g(l)-gg gig-gg energies, Gibbs free energies, and Cartesian coordinates. This
epb 10.54(10.38) 68.16 68.55 6598 7142 6598 7142 242.00 material is available free of charge via the Internet at http://

) ] ) pubs.acs.org.
aExperimental data were derived from ref4Calculations were

performed at the B3LYP (bold) and HF (plain text) levels using the Note Added after ASAP Publication. This article was
6-31G* basis set for C, H, and N atoms and LanL2DZ for the metal released ASAP on March 19, 2008. Equation 2 has been
ion. © Data were derived from ref E.Predicted formation constants  modified. The sentence above equation 1 and the sentence below
n X .
for the Zn(epb)" complex at B3LYP (bold) and HF (plain text) levels oo ation 12 have also been modified. The corrected version
of theory using eq 1. .
posted on April 24, 2008.

(tren)P™ < [Zn(pee)f" < [Zn(ppe)f* < [Zn(tpt)]** < [Zn-
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