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Electrospray ionisation mass spectrometry studies and quan-
tum chemical calculations indicate that bidentate ligation of Li*
ion to the diamines leads to symmetric bridging and exhibits
contrasting relative affinity orderings compared to that of
proton for a,w-diamines.

Knowledge of accurate proton and metal ion binding interactions
in polyfunctional macromolecules is an important step in under-
standing the biophysical processes.! Good correlations exist
between the metal ion and proton binding affinity to the bases,
albeit the proton affinities are much higher.>* In biological system,
especially in proteins, several basic motifs exist, separated by
varying distances. Polyamines found to be present in the cells of
microorganisms and animal organisms, contribute to the stabiliza-
tion of the structure and activity of tRNA and DNA.* Protonation
of a,m-diamines has been extensively studied using mass spectro-
metric methods and computational techniques.*>® Intramolecular
hydrogen bonding and the consequent chelating ring size were
found to be the key factors controlling the stability of the
protonated complexes.>>® In contrast, studies of the alkali metal
ion affinities on the diamines are scarce, except on the simplest case
of ethylene diamine.’

Here, we undertook a systematic experimental and computa-
tional study on the measurement of relative gas phase affinity of
lithium ion and compared them with the proton affinities, on seven
o,mw-diamines (H,N—(CH,), ¢-NH,, 1-7). We would like to
address the following questions: How are the variations in the
relative binding affinities of proton and Li" ions in the given series?
What is the nature of bridging interactions the Li* ion have? What
are the structural differences between the proton and Li* ion
complexes of diamines? The kinetic method’ and quantum
chemical calculations were employed to address the above
questions. The kinetic method is widely applied to determine
proton affinities, metal ion affinities, gas phase acidities, electron
affinities, efc.”® The method’”® is based on the collision induced
dissociation (CID) of Li* bound heterodimers,” [L;-Li*~L,] where
L; and L, are two different diamines, and the correlation of
relative abundances of the Li* bound monomers (Li*-L; and
Li*-L,) formed during the dissociation with the relative Li" ion
affinities of the two bases.

The natural logarithm of intensity ratio, In(Ii-p2y/Ieivr1))
values are calculated from the CID spectra of all possible
heterodimers at similar experimental conditions, where the Li"
ion affinity of L, is higher than L;, and are used to obtain the Li"
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ion affinity ladder. In a similar way we have obtained relative
proton affinity by replacing lithium by proton, and the order can
be given as 1H" < 2H' < 7TH" < 6H" < SH" < 4H" < 3H*,
which is in good agreement with the literature values.'” However,
the relative Li* ion affinity order for o,0-diamines obtained from
Li* ion affinity ladder'' (Fig. 1) is 1Li* < 3Li* < 2Li* < 4Li" <
6Li" < 5Li* < 7TLi%.

For chemically similar compounds, the natural logarithm of
intensity (I) ratio values are directly proportional to the binding
energy difference (AE) (eqn. (1)) between the used diamines with
lithium ion, where the entropy term is close to zero.®

In(ILivof1 wivLn) & AE/RT (1)

Attempts were made to convert In(Zj.12/1 (Li--L1)) order into
relative lithium ion affinities by measuring the T,y of the
dissociating cluster ions.®'> However, due to the non availability
of enough number of references among the studied diamines we
could not obtain reliable 7.q values.'?> Hence, the present study is
limited to the relative lithium ion affinity order. The cumulative
natural logarithm ratios of all the diamines are used as a measure
of relative affinity order. We seek to explain the observed
contrasting ordering for H" and Li" ion affnities of o,0-diamines
through quantum chemical calculations.

The metal ion and proton affinities are estimated using eqns. (2)
and (3), respectively.® B3LYP/6-31G* method is used for the
geometry optimisations and obtaining the thermochemical data.
All the structures considered are characterised as minima on the
potential energy surface. This is followed by single point
calculations at MP2/6-311++G** level. Counterpoise method

Diamine In(Li; 15/Lvi' 1) In(ly; 12/1"0)
1 0.00
T ! : 9|$ 1.91 (0.05)
3 2.16 . 05
s Py A 00s{)
2 181 1.99 (0.01)
295 /]\ v A 1.58
4 262 3.57 (0.04)
\l, 2.99 ’r N AN 1_17(1)
6 1.56 4.74 (0.04)
\l, 1.61 NI A 0_44(1) )
5 1.46 5.18 (0.01)
\l, 0.06
7 5.28 (0.03)

Fig. 1 Measured In(Iy ;.1 /Iy ;.1 ;) values for Li*-bound hetero dimers of
diamines (1-7). The data presented under the heading In(Iy ;.1 o/ ;+.1) are
average cumulative values expressed relative to ethylene diamine (1). The
numbers given in parentheses are estimated errors resulting from the
measurement of abundance ratios.
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was used to calculate the basis-set super position error (BSSE). In
our studies all the calculations were done using the Gaussian 983
suite of program.

Metal ion affinity (AH,og) = @)
AEclc + AE'thcrmz\l + TAS'BSSE

Proton affinity (AH»93) = AEee + AEermal + SRTI2  (3)

The relative binding affinity orderings of the computed results
are in excellent agreement with the experimental observations for
both proton and Li* ion affinities, except the change of proton
affinity order between 4 and 5. Theoretically obtained proton and
lithium ion affinity orders can be given as 1H" < 2H" < 7TH" <
6H" < 4H" <5H' < 3H"and 1Li" < 3Li" < 2Li" <d4Li" < 6Li"
< 5Li* ~ 7Li". Fig. 2 depicts the optimised geometries of the Li*
and protonated complexes. All the Li* complexes are virtually
symmetrically bridging, and as the length of the spacer chain
increases Li" is going into the cavity of the molecule. In agreement
with the previous studies,> computations reveal that the Li* ion
affinities are less than one third of the proton affinities to the
diamines. The non-linearity of the relative binding affinities of Li*
ions can be clearly traced to the subtle and intricate conforma-
tional changes in the Li* complexed cyclic structures. In addition,
higher energy monodentate minimum energy structures where the
cation is bound to the acyclic isomers are obtained. Systematic
conformational analysis of neutral diamines reveal that the open
chain linear structures are global minima besides several other
local minima with warped on cyclic structures. The energy
difference between the acyclic and cyclic neutral conformation
(AE)), the conformation reorganization energy upon complexing
with the cation (AE5), and the relative energy differences for the
mono- and bidentate complexation of the cations (AE3) are given
(Table 1). The latter two quantities (AE, and AFE3) aid in dispersing
exact differences in the ion bridging to the diamines, while AE;
granges the conformational flexibility of the diamines. One salient
feature is that while the complexation energy going from acyclic to
cyclic structures increase by about 5-11% for proton, it is more

Table 1 Calculated energy (kcal mol ™) difference between various
conformations at MP2/6-311++G**//B3LYP/6-31G* level of theory

Li* H* Affinity

Structure AE, AE, AE; AE, AE; Li** H™

0.1 4.8 279 120 12,6 627 2287
2.6 4.0 295 121 18.1 663  236.6
24 6.0 28.1 148 212 650 2408
. . 31,6 136 194  69.6 239.1
2.7 1.8 352 157 195  73.8 2395
5.3 1.9 346 131 19.0 734 2390
5.4 2.2 344 157 17.7 73.8 2383

“ Proton affinities (kcal mol™") at MP2/6-311++G**//B3LYP/6-31G*
level of theory. ? Lithium ion affinities (kcal mol ') at MP2 (full)/6-
311++G**//B3LYP/6-31G* level of theory.
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than 80% for Li* ion. Therefore, although metal ions have much
smaller magnitudes of affinity to diamines, their gain in going to
bidentate ligation is substantial as reflected in the corresponding
higher AE; for Li*. In contrast, the fact that AE, is consistently
higher for H" shows that the proton induces higher strain in the
diamine skeleton upon complexation. Thus, although Li* ion gains
substantially due to the coordination of the second amine group,
the corresponding Li" ion cyclic complex has a less strained
diamine motif compared to that of proton complex. The larger size
of Li* ion as well as its non-covalent nature of interaction are
responsible for a highly flexible complexation, as reflected in
smaller AE,.

While the lithium bridging is virtually symmetrical in all cases,
the proton bridge is highly unsymmetrical. The contrasts in the
trends of the relative stability orderings are due to an interplay of
intricate conformational energetics during the formation of metal
ion chelate ring. Thus, the combined experimental and computa-
tional study on the binding affinities of Li* and H" ions to
a,0-diamines highlights the disparities between the complexation
energetics and structures. It is worth mentioning that the kinetic
method amplifies even small differences between similar com-
pounds in the measurement of important thermodynamic para-
meters. Thus, while both proton and metal ion o,®-diamine
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Fig. 2 B3LYP/6-3114+G** optimised geometries of cyclic H™ and Li* ion complexes of diamines. Bond lengths in A and bond angles in degrees.
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complexes prefer cyclic conformations, the nature of bridging and
the energy differences between the mono and bidentate complexes
are quite different.
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