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Application of NOE and PGSE NMR
Methodologies to Investigate Non-Covalent
Intimate Inorganic Adducts in Solution

Barbara Binotti
Istituto di Scienze Chimiche, University of Urbino,
Piazza Rinascimento, 6 — 61029 Urbino, Italy

Alceo Macchioni,* Cristiano Zuccaccia, and
Daniele Zuccaccia

Department of Chemistry, University of Perugia,
Via Elce di Sotto, 8 — 06123 Perugia, Italy

NOE and PGSE NMR experiments provide crucial information for the
structural characterization of non-covalent intimate adducts in solution.
The possible presence and the favorite relative orientation of the
interacting units can be deduced from NOE results, while the size of the
non-covalent adducts can be estimated through PGSE measurements.
The complementarity of the two methodologies has been successfully used
to investigate transition metal complex ion pairs and, to a lesser extent,
intermolecular adducts. The main results concerning the solution
structures of non-covalent inorganic adducts are reported and compared
with those in the solid state and those from theoretical calculations.

Keywords: NOESY and HOESY NMR, ion pairs, PGSE NMR, intermolecular adducts

INTRODUCTION

Weak interactions'! are central to most chemical disciplines. They

strongly affect the conformation and, consequently, the reactivity of bio-
molecules, the packing of solid materials, and the performances and stereo-
differentiation of homogeneous catalysts.

*Corresponding author.
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In coordination chemistry, weak interactions are even more important
because their energy can be comparable to that of some coordinative bonds
(for example X-H M agostic bonds) and because the bonds involving a
metal are usually easily polarizable. Consequently, in some cases, new types
of weak interactions have been discovered such as the dihydrogen bond,*
i.e., the hydrogen bond between X-H (X=O, N, etc...) and M-H
(M = transition metal).

The methodologies for investigating weak interactions in the solid state
are well-developed and rely mainly on X-ray diffraction studies.”! In
solution, some information can be obtained by ‘“classical” techniques, but
detailed insights into the presence and action of weak interactions can hardly
be obtained especially for relatively small molecules. This is particularly true
if the structure of the non-covalent assemblies, i.e., the relative position of the
interacting moieties, has to be determined.

Recently it has been showed that NOE (Nuclear Overhauser Effect) NMR
spectroscopies can be used successfully to investigate intermolecular
adducts."*! Tnitially, organic closed-shell ion pairs,'™ important for phase-
transfer catalysis, and organolithium ion pairs'® were the adducts taken into
account. More recently, the NOE methodologies have been used to
investigate the intermolecular structure of transition organometallic ion
pairs,'” cationic mono-organotin oxo clusters’™ and assemblies between
neutral trinuclear Au(I) and Hg(I) units."!

Another basic bit of information that must be known is the size of the non-
covalent adducts. This can be obtained by using the lon]gstanding PGSE
(Pulsed-Field Gradient Spin Echo) NMR methodologies.!'*

The combined information from the NOE and PGSE NMR methodologies
usually provides a clear picture of the non-covalently bonded adducts in
solution in that both the relative position of the interacting units and the
nuclearity of the adducts can be determined.

In this paper, after having recalled the essential aspects of the NOE,
Background and systems to be investigated, as well as PGSE measurements,
the results of applying these techniques to transition metal complex ion pairs
and neutral adducts are reported.

NMR METHODOLOGIES

Background of NOE

In diamagnetic systems in liquid phase, the most important source of
relaxation for spin-1/2 nuclei is the nuclear dipole-dipole interaction. The
Nuclear Overhauser Effect (NOE)!'! is a consequence of the dipole-dipole
relaxation mechanism; for the simplest system consisting of two non-scalarly
coupled spins, I (Interesting) and S (Saturated), separated by a constant
distance (r15) and tumbling isotropically in solution, the steady-state NOE is
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defined as the fractional enhancement of the signal of spin I under the
continuous saturation of the resonance of the spin S:

I-1° Wors — W,
NOE{S} = — _s 218 01S _VYs01s
I 11 Wais +2Wir + Wois 91 p1s

(1)

where I° is the equilibrium intensity of I, ys and y; are the gyromagnetic
ratios of I and S, respectively, while Wy, Wy, and Wg are the transition
probabilities of zero-, single- and double-quantum pathways.!"?! The term
(Wo1s-Wors) represents the rate at which the NOE is transferred from S to I
and is indicated by the symbol a5 (cross-relaxation rate constant). The
quantity (Wyis + 2W 1 + Wqs) represents the dﬁ’polar longitudinal relaxa-
tion rate constant and is indicated with pis.!'* In the case of isotropic
molecular tumbling, ;s and p;s can be expressed as follows:

Mo\ 2PPyE3 67c T 5
o1s = \4p 10 25 2, s (2)
T 1+ (o1 +ows) & 1+ (o1 — ws)

oo — (@)mzylzy% 61¢c N 3tc ¢ 6
® 4n 10 1+ (wl + COS)Z‘C% 1+ w%fé 1+ ((DI - ws)z‘C% 15

(3)

where p is the permeability constant in a vacuum, / is the Planck’s constant
divided by 2m, 7. is the rotational correlation times, and w; and wg are the
resonance frequencies of I and S nuclei, respectively. Both g15 and pig
depend on the inverse of the sixth power of the internuclear distance and,
therefore, the measurement of the steady-state NOE in this two simple spin
system cannot be directly related to the internuclear distances.'*!

On the contrary, the measurement of the rate at which the NOE is
transferred from S to I (kinetic of NOE build up), in our ideal two-spin
system, allows ojs to be determined and, consequently, it can give direct
information about the distance between I and S. In fact, the time course of the
transient NOE experiments can be expressed by the following equation:

NOE[{S}(rm) — e*(R*O‘Is)Tm (1 _ e*ZUlsTm) (4)

where R represents the total longitudinal relaxation rate constants of both I
and S spins, assumed to be equal, and t,, is the mixing time. The first
derivative with respect to the mixing time, at time zero, indicates that the
initial build-up rate of the NOE is only proportional to oig:

d(NOE({S})

=2 5
dry, 718 ()

Tm=0
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In addition, at the early stage of the NOE build-up, all enhancements behave
as if they were in a two-spin system approximation; g can be quantitatively
derived (a) by limiting the NOE studies to the linear build up (Equation 5) of
the I enhancement for short mixing times (t,,—0) or (b) by measuring the
complete kinetics of NOE build-up and fitting the experimental data to
Equation 4. [15]

Once o1g is known, the ri5 distance can be determined by Equation 2 after
having evaluated the rotational correlation time, (z.), the other variable upon
which ¢ depends. On the other hand, by comparing the ;s with that relative
to two nuclei (A and B), whose internuclear distance is known
(rag = calibration or reference distance[l6]) an estimation of rjg can be
obtamed by Equation 6 assuming that the proportionality constant between o
and r~ ® is the same for the two couples of nuclei (IS and AB). For couples of
nuclei having the same nature (yys =7aYB), this condition is satisfied when
the rotational correlation times of the I-S and A-B vectors are equivalent.

s _ (rl_s) - (6)
OAB T'AB

Suitable Systems to be Investigated

The above-illustrated essential features of the NOE should be sufficient for
understanding which systems can be successfully investigated and what
precautions must be taken. Some obvious requirements for the systems are
(1) the presence of NMR active nuclei with high receptivity (H or F) in both
moieties; and (2) the presence of magnetically non-equivalent nuclei,
spatially dispersed around the interacting species, that will make it possible
to discriminate different orientations inside the intermolecular adducts.

As we have seen in the previous paragraph, NOE strongly decreases with
increasing ris. NOEs are usually classified as strong (ris < 2. SA) medium
2.5 A< s <3.3 A) and weak (r;s > 3.3 A) The maximum distance at which
NOE can be observed is ca. 5 A, thereby introducing the limitation that only
intimate adducts can be structurally investigated. Another limitation is caused
by the presence of different types of internal motions that can change the
actual value of both 7. and rig. For instance, several motions in non
covalently-bonded compounds could be present: (1) overall rotation of the
adducts and/or the molecules constituting them; (2) adduct dissociation and
formation; (3) internal motions (Me group rotations around single bonds and
chair-boat inversion of the six-member cycles etc .. .). From the formal point
of view, the presence of motions that are different from that of the overall
isotropic molecular tumbling can be described by substituting in the
Equations the above-reported ayg, ris~ °, and R with the corresponding mean
values (ayg), (s ~°), and (R). The type of expression that should be used to
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determine the mean values depends on the rate of the motion that is active.
The simplest situation occurs in the presence of internal motions that only
change the actual value of 7, without altering the internuclear distances. In
this case, only motions that are faster than the overall motion contribute to the
relaxation!”! but, at the same time, they cause the correlation function to
drop rapidly to lower values, making the relaxation process less efficient.
Cases in which the internal motions change the actual values of both 7,
and rg are more complicated. When the motion is slower than the overall
molecular tumbling, the corresponding effective distance “sensed” by the
NOE is:
1Y E
Teffective = N r;s?,t (7)
n=1
in which the index p indicates the different conformations assumed by the
spin system. In this case, in which we assume that all the conformations are
equally populated, the average distances are underestimated by the NOE
measurements. On the other hand, when the motion is faster than the

molecular tumbling the effective distance is:''®!"!

1
3

1n _
Teffective > (N Z r[S?/L) (8)
n=1

in which the symbol “ > ” is derived from the fact that the angular part of the
correlation function can only reduce the size of the NOE. In this case, again
assuming an equal distribution of the different conformations, the actual
value of Tefreciive (i-€., of the NOE) is determined by two factors: The average
on the radial part tends to underestimate the “real” average value of rig, while
the angular part, as discussed above, tends to reduce the NOE and,
consequently, to overestimate the distance between I and S.

More complicated models have been proposed in the literature that
take into account the different distributions of the possible conformations; the
conclusions are not at all consistent, but all the authors agree that the number
of cases in which the internal motions would lead to significant error is fairly
small. For the systems considered here, the molecular mass does not usually
exceed 1000-1500 a.m.u. and the difference between the overall correlation
time and the internal correlation time is less pronounced.

In any case, when the quantitative approach is needed, the assumption that
the correlation time of the I, S and A, B pairs is the same must be verified.!

[20-24]

PGSE Measurements

Determining molecular self-diffusion coefficients by Pulsed Field
Gradient Spin-Echo (PGSE) measurements'” is a valuable methodology
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for investigating the aggregation of molecular species in solution. Self-
diffusion!®®! is the net result of the thermal motion induced by random-walk
processes experienced by particles or molecules in solution. In an isotropic
homogeneous system the probability of finding a molecule, initially at
position Ry, in a position R after a time t is:

(R—Rg)?

P(Ry,R,t) = (4nDt) >*. e~ m (9)

The single parameter D (self-diffusion coefficient) completely characterizes
the spatial Gaussian distribution of the moving particle after a time t.
Formally, the magnitude of the self-diffusion coefficient is given by:

4T
f

where T is the temperature, k;, is the Boltzmann constant, and f'is the friction

factor. For a rigid sphere of radius r in a continuous medium of viscosity, #s, f

is given by the Stokes equation:*”!

f = 6mygr (11)

Combining Equation 10 and Equation 11 we obtain the Stokes-Einstein
equation:

D (10)

ky T

D= 12
6mngr (12)

which relates the self-diffusion coefficient D to a molecular structural
property, i.e., the hydrodynamic molecular radius (r). The latter and,
consequently, the volume of the diffusing particles can be evaluated by
knowing D. D can be measured by a number of NMR pulse sequences!'***
based on the Spin-Echo sequence; the standard stimulated spin-echo
sequence is shown in Figure 1.1 By applying this sequence, the dependence

w2 /2 /2

AQ
d )

A B

[ A |

FIGURE 1 Standard stimulated spin-echo NMR pulses sequence.
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of the resonance intensity (I) on a constant waiting time and on a varied
gradient strength (G) is described by Equation 13:

It — —(y6)*D <A - é) G? (13)
Iy 3

where 1 is the intensity of the observed spin echo, I is the intensity of the
spin echo without gradients, D is the diffusion coefficient, A is the delay
between the midpoints of the gradients, ¢ is the length of the gradient pulse,
and y is the magnetogyric ratio. The diffusion coefficient D is directly
proportional to the slope of the regression line divided by A-J/3. In general,
this is estimated by calibratin% the experiments using the known diffusion
coefficient of HDO in D,0.[*®

The power of this technique is related to the useful information that can
also be obtained for complicated mixtures. As long as the different
components have at least one resonance that is clearly resolved in the
spectrum, the various diffusion coefficients can be determined from a single
experiment. In those cases in which there are no resolved resonances for the
components in the proton spectrum, some information can be gained by (a)
taking into account different nuclei like '°F or *'P or (b) combining the
diffusion sequences with different spectral filtering techniques such as X
filtering®”! or with 2D correlation experiments and PGSE technique.!*®!

It can be argued that the PGSE methodologies appear simple and, in
general, can be applied in a straightforward way. On the other hand, the
results can be very precise but not at all accurate, due to the presence of
different sources of possible errors. The inaccuracy can come from
convection currents (mass convection) when solvents with low viscosity
are used. In this case it is advisable to repeat the experiment using different
diffusion periods (A)2%*3%! to check the reproducibility of the results.
Alternatively, more complicated sequences are available to reduce the effect
of convection, but these have a low sensitivity.”!! Another source of
inaccuracy can be derived from changes in solution viscosity when the
dependence of the diffusion coefficients (and so the aggregation size) on the
concentration needs to be known. In such cases, it is highly advisable to use
an internal standard (preferably with a volume and shape similar to one
component of the system being investigated).2%*30>32]

RELATIVE ANION-CATION POSITION IN IONIC
COMPLEXES

The interionic structure of the complexes illustrated in Scheme 1 and
Scheme 2 have been investigated through 'H-NOESY and '°F,'"H-HOESY
NMR experiments in solvents (methylene chloride or chloroform) and at
concentrations (10 >—10 " M) that ensure the predominance of intimate ion
pairs. The results from the qualitative investigations are considered in the
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R =H, Me, Et or i-Pr
R’y = Hy or Mey
R"=H, Me, or CO;Me

SCHEME 1

section on quantitative investigation where they are organized according to
the nature of the N,X ligand and to the geometry of the metal center. The
relationships between the solution interionic structure (from the qualitative
NOE NMR investigation), the structural data in the solid state and the results
of theoretical calculations are outlined. The results from the quantification of
the interionic NOEs and, consequently, the estimation of average interionic
distances are illustrated in the section on qualitative investigation. The 10a
compounds were considered because they contain unsymmetrical counter-
anions and show not only a specific localization but also a specific orientation

of the anion.

Barbara Binotti et al.

.

R
NtER‘ M =Pd; R = H, Me, Et or i-Pr; R"; = Me, or An; A" = PFg"
NZ~R M=PtR=iPrR,=AnA =PFg
R AR

1

NS
M=Pd
- A= BPhy, OTF, BF, PFg or BAF
2

4&@:‘_/‘3“2 AP Mepdoret
gz I K=PFy
v :

O
N;(Ru N? M= Pd
o R" = Me or Ph

K Ph A =BF,
4 =BFy4

\. Me_ +s
Pt
\ e ¢ Ny N
PPhg Me™ S Q

6 7
A = BF, PFg or BAIF"
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8 Y °
Y=HorF L= Pph3 or PPthe
A =BPhy or BF4 A" =BPhy, OTf, BF4 or PFg

ne
=
)
w
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10

M = Fe, Ruor Os; R =Hor pz; Y = PMeg, CO or pz; A" = BPh,", OTf, BF 4 or PFg"
M =Ru; R = H; A"= BR'Phy’; R' = Me, n-Bu, n-Hex or Ph (10a)

PMe3 ‘ PMe3 = R
(& I ¥
OC\M/N BPh, OC”"“R+""‘\‘“Nj A
= 4 u.
Meoc™ | TS0PSR MeOC™ l ~n
PMej3 PMe3R R
1 12
M = Fe or Ru R =H, Me orbz
R = Me, Ph or pz R’ = H, Me, EX, j-Pr or bz

A = BPhy, BF4 or PFg

SCHEME 2
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Qualitative NOE NMR Investigations

«-Diimine Ligands

1,4-diaza-1,3-butadiene derivatives (a-diimines) have attracted much
interest because of their versatile coordination behavior and the interesting
properties of their metal complexes.[33] 1,4-disubstituted 1,4-diaza-1,3-
butadienes, RN=CR’-CR’=NR are the simplest representatives of this class
of compounds. They are particularly fascinating because they have a
flexible N=C-C=N skeleton, they appear to have unusual electron-donor
and -acceptor properties and can potentially act in a variety of coordination
modes. The latter bonding modes involve not only the lone pairs of the N
atom but also the 7—C=N bonds. Of course, factors such as the R and R’
substituents, the metal atom and other ligands bonded to the metal influence
the type of coordination of the 1,4-diaza-1,3-butadienes. The chemistry
and structural aspects of metal complexes containing chelated bonded
RN=CR’-CR’=NR ligands have been well explored; this is probably due to
the possibility of easily tuning the electronic and steric properties by
changing both the R and R’ substituents. For these reasons, «-diimines
have been used successfully as support ligands for nickel and palladium
catalyst systems for polymerizing ethylene, o-olefins and cyclic olefins
and copolymerizing non-polar olefins with a variety of functionalized
olefins.** In such catalysts, R is very often an aryl group having hindered
ortho-substituents.

Olefin platinum(Il) and palladium(ll) complex ion pairs. With the
principal aim of investigating whether the anion-cation interactions could
afford useful information for understanding some catalytic features, com-
plexes 1! and 5%¢! were considered. Complexes 1 are good catalysts for
the CO/styrene copolymerization carried out in mild conditions, whereas
complexes 5 are analogous to the resting state of the Brookhart’s catalysts
for the polymerization of a-olefins.'**!

All complexes 5 show very strong interionic contacts between the fluorine
atoms of BF,~ and the protons of the R’ groups; there are also strong
interionic contacts with the protons of some R substituents. When R =i-Pr,
all eight isopropyl methyl groups are magnetically non-equivalent due to a
restricted rotation around the C—N bond, and only the ones pointing toward
the R’ substituents show interionic interactions with BF, ~ . Since the steric
hindrance above and below the coordination plane introduced by the N,N-
diimine ligands decreases (R <Et for 5 having R” = Me; R <i-Pr for 5
having R” =H), weak interionic contacts with the Pt-Me, R” and olefinic
protons start to appear (Figure 2). Such results indicate that the counterion
pairs with the organometallic fragment on the side of the N,N-ligand,
preferentially interacting with the R’ and R groups. Furthermore, its exact
position is tuned by the steric hindrance of R, R’ and R”. As the steric
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FIGURE 2 The two '°F, '"H-HOESY NMR spectra (376.65 MHz, 298 K, methylene
chloride-d,, 7, =0.85s) show the disappearance of interionic interactions between
BF; ~ and Me-Pt and R” (indicated with arrows) going from R = H (a) to R = i—Pr (b).
The Fl-trace (indirect dimension) relative to one component of fluorine doublet is
reported on the right of every spectrum. * indicates the resonances of a little impurity of
OEt,. Reproduced from Ref. 7 with the permission of the European Journal of
Inorganic Chemistry.
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hindrance decreases, the counterion populates positions closer to the platinum
even if it is still substantially shifted toward the nitrogen ligands. In
agreement with our findings for these platinum complexes, Tilset et al.*”!
showed by means of DFT calculations, that the association of solvent
molecules, such as water or trifluoroethanol, with the cationic g-complexes
[(a-diimine)PtMe(CH,)] * occurs at the C—C diimine bond where the positive
charge accumulates.

The investigation of the interionic solution structure of complex ion pairs
1 afforded results that were similar to those of the above-discussed platinum
compounds. In the series in which R’, =Me, and R spans from H to i-Pr,
PF¢ ™ interacts preferentially with R’ and R protons. In the platinum
complexes 5 the access to the metal center was completely inhibited when
R > Et; in this case we found that the metal was completely protected when
R =Me.**! This could be due to greater accumulation of positive charge in
these palladium complexes with respect to the S platinum compounds. This
accumulation was induced by the higher trans effect of the carbon g-bonded
to Pd with respect to Me and/or to a higher apical steric hindrance of the
cyclo-octenylmethoxy-moiety with respect to the olefin substituents of the Pt
complexes. This point indicates that the steric hindrance in the axial sites was
additive among all the ligands coordinated to the metal. The results for
complexes where R’,=An (9-Anthryl) and R=i-Pr were even more
interesting. In this case the steric protection did not guarantee a specific
interionic structure; PFg ~ interacted with several protons including those
belonging to the cyclo-octenylmethoxy moiety, and the observed dipolar
interactions could not be explained by the predominance of only one structure
of ion pair. The loss of specificity could be due to the difficulty that the
counterion has in approaching the diiminic carbons, because they are
sterically protected by the An-substituents, or to a general wider dispersion of
the cationic charge.

Acetyl ruthenium(Ill) complexes. The interionic structure of octahe-
dral complexes bearing o-diimines analogous to those shown above was also
studied. In such cases, the apical positions are occupied by two ligands and
only o-diimines with small ortho-substituents can be used.

In particular, complexes 8% (Scheme 2) were synthesized. The
counteranion preferentially resides on the side of the diimine ligand above
or below the plane defined by the N, N, CO, and COMe ligands. The 'H-
NOESY NMR spectrum of the compound where A~ =BPh, ~ shows that
the phosphine protons interact quite strongly with all the aromatic protons of
the anion, while the methyl groups of the diimine ligand interact with its
ortho and meta protons. The interactions between the counterion and the
aromatic protons of the cation can be detected more readily in the '°F,'H-
HOESY NMR spectra of compounds containing BF; ~ . No contacts were
detected between the anion and the COMe protons or p-H or p-F in any
complex.
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Bipyridine and Phenanthroline Ligands

Bipyridines, phenantrolines and their various derivatives are some of the
most widely used ligands in chemistry. Currently, bipyridine derivatives
figure prominently in supramolecular chemistry, conformationally con-
strained peptides, sensors and receptors, polymer chemistry, studies of redox
electrocatalysis, electron transfer, photochemistry, electroluminescence, and
a variety of other fields.*” Furthermore, both the 2,2’ -bipyridine and 1,10-
phenanthroline ligands have been extensively used as metal chelating ligands
in the alternating copolymerization of carbon monoxide and styrene or
ethene.*!

Palladium(Il) and platinum(Il) complexes. In compounds 2!*! the

anion is located in the expected position above and below the square planar
coordination plane due to the absence of steric hindrance or electronic pro-
tection in such positions. The two axial sites are preferred and are equally
populated by the counterion even if it is slightly shifted toward the pyridine
ring trans to the Pd-C o-bond (Figure 3). This takes place regardless of
the A~ nature, while the intensity of the interionic NOEs decreases as the
coordinating  tendency decreases: CF3SO;~ >BF,  >PFs > B(3,5-
(CF5),C¢H3)4 . This interionic structure in solution differs from that observed
in the solid state for the complex containing the PF¢ ~ anion. In the solid state,
the counteranions are lined up located sideways around the coordination
plane while the cationic moieties are stacked. The shortest contacts between

FIGURE 3 Two views of the solution interionic structure of [Pd(nl,nz—CgH 120Me)-
(bipy)]A complexes where the gray clouds represent the action space of the A~
counteranion. The two positions above and below the coordination plane are equally
populated and the anion is shifted on the side of bipy ligand with a slight preference
for the ring trans to the Pd—C ¢ bond. Reproduced from Ref. 7 with the permission of
the European Journal of Inorganic Chemistry.
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the fluorine and the complex hydrogen atoms are about 2.5 A. Moreover, no
interaction between the metal and the anion was observed, which means that
packing forces in the solid state are predominant over Pd - - - F interactions.

The cationic methyl platinum(I) complexes 6'“*! bearing the 2,9-
dimethyl-1,10-phenanthroline (dmphen) ligand, are an example of reduced
anion-cation interaction specificity.'’F,"H-HOESY NMR spectra of these
compounds show intense crosspeaks between the fluorine atoms of the PFg —
or BF, ™ counterions and all the aromatic protons, even if the contacts with
PPh; protons are weaker. There are also weak contacts with the methyl
substituents of the dmphen ligand. However, no contact was observed with
the methyl group directly bonded to the platinum. From these results it can be
deduced that, in solution, the anion stays on the side of the phenanthroline
ligand, in agreement with what was found in the solid-state for the compound
bearing the PF¢ — anion. In contrast to complexes 2 illustrated above, which
contain the planar “non-hindered” bipyridine ligand, in such tetrahedral
distorted square planar complexes the positions above and below the
coordination plane are different. The counterion prefers a location below the
aromatic rings of the phenanthroline but the situation is not static and it still
has the possibility to oscillate up and down, interacting weakly with the
phosphine hydrogen atoms (Figure 4).

FIGURE 4 Balls and sticks schematization of the ion-pair solution structure of 6. The
structural parameters for the two ionic moieties were obtained from X-ray data.
Reproduced from Ref. 42 with the permission of the American Chemical Society.
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Octahedral iridium(Ill) complexes. In complexes 9", the anion
would have the apparently favorable possibility of binding near the IrH,
group, which would give the closest Ir-anion distance and allow hydrogen
bonding."**! Instead, the anion is specifically located near to the bipy ligand
interacting with 3 (strong), 4 (medium), 5 (weak) and phosphine protons
(Scheme 3); the interaction specificity falls off with increasing anion size. In
perfect agreement with '°F,'H-HOESY NMR results, natural population
analysis (NPA)*?! on the optimized geometry of the cation identify the
predominant location of the positive charge at the bipyridyl ring carbons that
take part in the inter-ring C—C bond. The electrostatic potential calculated for
the cation confirms the location of the preferred binding site. In contrast, in
the solid state the counteranion is found close to one of the hydrides and close
to proton H-6 and H-5 of one of the pyridines, and this fact suggests that the
solid-state structure might then be a compromise between this preferred
geometry of ion pair and a more compact and more stable packing in the solid
state. Pregosin et al."*®! recently reported that also in several Ir(IIT) dihydrido-
complexes bearing P,N-ligands the anion did not interact with hydrides and
was located close to the N-arm.

Poly(pyrazol-1-yl)methane and Bis(2-pyridyl)amine Ligands

The poly(pyrazol-1-yl)methane ligands are formally derived from the
extensively studied poly(pyrazol-1-yl)borate™*’! ligands by replacing a boron
anion with a carbon atom and are, thus, isoelectronic to them. Jordan, Canty

SCHEME 3
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et al. have prepared several types of neutral and cationic Pd(I) complexes
incorporating bis(pyrazol-1-yl)methane ligands, including [{(R,C(pz),)}-
PdMe(L)] © where L is a labile ligand or substrate."*®! The neutral nitrogen
bidentate ligand forms six-membered-boat metallacycles when chelating a
palladium metal atom and this boat conformation may undergo inversion,
which results in an exchange between the axial and equatorial CR,
substituents. Pyrazoles are weaker g-donors than imine or pyridine ligands,
and therefore the palladium cations bearing such ligands may be more
electrophylic.™®! The tris(pyrazol-1-yl)methane or tris(pyrazol-1-yl)borate
ligands are usually found as trihapto donors in octahedral complexes;
otherwise, they behave like dihapto donors in square planar complexes
according to the electronic requirements of the metal centers."*"!

In the bis(2-pyridyl)amine (dpa) ligand the presence of a spacer group
between the pyridine rings is expected to produce remarkable differences in
the properties of complexes containing the bipy or the dpa. Upon
coordination to a metal in a square planar configuration, this ligand forms
a nonplanar six-membered ring in analogy with poly(pyrazol-1-yl)-
methanes.'”® In platinum(II) complexes, the lack of planarity and the loss
of aromatization of ancillary ligands lead to a reduced reactivity.!

Square planar platinum(ll) and palladium(ll) complexes. In com-
plexes 302 containing the nonplanar bis- and tris(pyrazol-1-yl)-
methane ligands there is a remarkable specificity in the interaction between
the cation and the anion that is incredibly higher than that observed in
similar compounds where the N,N-ligand is planar (complexes 2). In fact,
while in the latter compounds the anion interacts preferentially with the
protons belonging to the bipy ligand (as described in the section on pt(Il)
and pd(II) complexes) but still sees the protons belonging to the cyclooc-
tenyl moiety that are closer to the metal, in complexes 3, the PFg ~ interacts
exclusively with the peripheral protons of the nitrogen ligands (Figure 5).

The interionic structure of the five-coordinate complexes can be
rationalized by using considerations similar to those valid for octahedral
compounds. In compounds bearing the bis(pyrazol-1-yl)methane ligands, the
apical positions are only partially protected by the steric hindrance introduced
by the boat conformation of the MNNCNN cycle and the PFg ~ should be
able to occupy the non-hindered apical positions. Instead, it prefers to locate
in the peripheral part of the N,N-ligand. The reason for such unexpected
specificity has to be found in the formation of a F---H weak hydrogen bond
between the H,C(N), moiety and an F-atom of the counterion that provides
an electronic protection of the metal center. All the spectroscopic evidence
agrees with the identification of a specific ion pair for the palladium five-
coordinate complex in the crystalline state, stabilized by an assembly of
hydrogen bonds within the ion pair, with the strongest interactions involving
the highly polarized H-C(N); proton and fluorine lone pairs. The anion-
cation recognition is very specific; the space-filling representation of the ion
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FIGURE 5 lgF, 'H-HOESY NMR spectrum (376.65 MHz, 188K, methylene
chloride-d,, 1, =0.8 s) of compound [Pd(nl,nz—CngzOMe){(pz3)CH}]PF6 showing
the remarkable specificity of the interaction between PFs ~ and the 5'-5" and 4/-4""
(very weak) protons of the cation. The 1D-trace relative to the PFg~ column is
reported on the right. Reproduced from Ref. 52 with the permission of the American
Chemical Society.
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pair clearly shows the cation pocket where the anion fits in a sort of docking
process (Figure 6).

Clear electronic protection of the apical positions was also encountered in
investigating the cationic Pt(Il) complex 7031 containing the bis(2-pyridyl)-
amine (dpa) ligand. The '°F,'H-HOESY NMR spectra showed strong
interionic contacts between the fluorine atoms of the counterion and the
bridging N-H, H3, and H3’ protons of the nitrogen ligand (Scheme 1) and a
weak interaction with the dimethyl sulfoxide protons. This means that the
preferential position of the counterion is close to the amine N-H proton of the
nonplanar six-membered ring formed by the dpa coordinated to the metal.
Furthermore, the interaction of PFs ~ with the acid N—H proton makes the
atoms of fluorine unequivalent, affording a 1:4:1 signal, so the '’F NMR
spectrum appears as an apparently structured doublet. The most reasonable
explanation of this finding is the formation of NH- - -FPFs ~ hydrogen bonds
that again provide an electronic protection of the metal center. This averaged
interionic solution structure is similar to that observed in the solid state for
the analogous complex containing the CF;SO; ~ anion, where the presence
of a strong hydrogen bonding interaction between the amine hydrogen and
the triflate anion oxygen was clearly detected.

Octahedral complexes. The interionic structure of 10 in which the
counterion was BPh, ~ was investigated first.'’*>% The interionic contacts,
between the ortho protons of the anion and the 5 and CHR protons (medium)

FIGURE 6 Space-filling diagram of the palladium complex 3 bearing the
tris(pyrazol-1-yl)methane ligand. Reproduced from Ref. 52 with the permission of
the American Chemical Society.
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SCHEME 4

of the cation and the phosphine protons (weak), observed in the '"H-NOESY
NMR spectra, and the absence of interactions with the COMe protons, led to
the conclusion that the anion is specifically located close to the bispyrazolyl-
ligand (Scheme 4). The same relative anion-cation orientation was found in
°F 'H-HOESY NMR studies using fluorinated counterions (BF, ~, PFg —
and CF;SO; 7). The solid state data of compound cis-[Ru(CO-
Me){(pz,)CH, }(CO),(PMe3)|BPh,*®! shows that the cation is surrounded by
six symmetr;/-related anions. Quantum mechanic and mechanical docking
calculations”® on the solid state data show that the ion pairs where the
counterion orients two of its phenyl group almost parallel to the pyrazolyl
rings is favorite (Figure 7). These results perfectly match the interionic
structure observed in solution. From the above-mentioned theoretical calcu-
lations, there is an accumulation of positive charge at the CHR carbon, while
the negative charge is concentrated on the oxygen of the COMe group.
The ion pair with the counteranion on the side of the pyrazolyl-rings is,

FIGURE 7 Solid state structure of cis-[Ru(COMe){(pz,)CH,}(CO),(PMe3)|BPhy
where the notably shortest Ru---B metal contact is found. Reproduced from Ref. 56
with the permission of the American Chemical Society.
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consequently, dictated by a gain in the electrostatic interaction energy. When
BPh, ™ is taken into account, the observed relative anion-cation position is
further stabilized by the favorable lipophilic interactions between the phenyl
groups of the anion and the pyrazolyl-rings. These m-stacking interactions
lead to an energy gain of about 4kJ/mol>”1 and could compensate for the
reduction of favorable Coulomb interactions due to an increase in the average
anion-cation distance going from BF, ~ or PFs~ to BPh, .

a-Diamine Ligands

Compounds incorporating the 1,2-diamine functionality are currently
being studied in several fields.”® In particular, chiral, enantiomerically pure
1,2-diamine, and their derivatives are increasingly being used in stereo-
selective organic synthesis; for example, as chiral auxiliaries, or as metal
ligands in catalytic asymmetric synthesis, as in the catalytic asymmetric
hydride transfer reduction of ketones."”!

Octahedral ruthenium(ll) complexes. Ruthenium(Il) compounds
bearing substituted ethylenediamines (12)"*®! were investigated in order to
determine if the high specificity in the anion-cation interactions was confined
to the presence of N-aromatic ligands. A section of the '"H-NOESY NMR
spectra, relative to the simplest compound taken into account, is reported in
Figure 8. The intensity of the interionic interactions between the anion and
the protons of the ethylendiamine decreases by moving from NH,? to NH,®.
In the absence of conjugation, the anion is still located close to the N,N-
ligand; it even prefers the N-arm frans to the COMe group, where the
electron density is reduced due to the high frans influence of COMe. The
introduction of steric hindrance in the N,N-ligand (by using
NRHCH,CH,NR'H ligands) affords a fine modulation of the anion position
that shifts toward less crowded “places.” For example, when R=R'=
CH,CgHs (bz), two stereoisomers are present, depending on the orientation of
the bz-groups with respect to the phosphines. In the stereoisomer having the
two bz-groups oriented toward the same phosphine, the anion stays close to
the N,N-ligand but preferentially interacts with the protons of the other
phosphine group.

N,O-Ligands

In recent years, coordination chemistry of chelated ligands containing
mixed functionalities on transition metal centers has been an extremely active
area of research. In particular, the chemistry of hemilabile ligands®l, which
contain both substitutionally inert and substitutionally labile groups, has
received considerable attention. These ligands are polydentate chelates that
contain at least two different types of bonding groups: one group bonds
strongly to a metal center, while the other bonds weakly and is therefore
easily displaced by coordinating ligands or solvent molecules. This
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FIGURE 8 A section of the 'H-NOESY NMR spectrum of the illustrated complex
showing the gradual decrease of the interionic contact intensity passing from positions
d to a. The 1D-trace relative to the ortho proton column is reported on the right
(400.13 MHz, 298 K, methylene chloride-d,, 7, =0.8 s). Reproduced from Ref. 61
with the permission of the European Journal of Inorganic Chemistry.

displacement reaction can be a reversible process. The bifunctional
character of hemilabile ligands has been shown to be useful in homo-
geneous transition metal catalysis, metal complex small molecule activation,
chemical sensing, and the stabilization of reactive, unsaturated transition
metal species. In particular, when cationic transition metal complexes are
considered, the anion and the labile arm can compete for occupancy of the
coordination site.

Olefin Pd(Il) complexes containing o-Iminoketone ligands. In the
cationic Pd(II) complexes 4'°'! the anion, remaining on the side of the
neutral N,O-ligands, has the possibility of choosing the least crowded side
close to the O-arm or the electronically favored position close to the imine
carbon. The observed interionic structure suggests that both positions are
present in solution in almost the same abundance. An X-ray structural study
carried out on the complex where R” =Ph showed that the interionic solid
state structure is more specific than that observed in solution. Interestingly,
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the first of the nearest neighbor anions surrounding the cation is located
on its less encumbered site, i.e., close to the O-arm of the hemi-hindered
o-iminoketone N,O-ligand.

Cationic acetyl complexes of Fe(ll) and Ru(ll). The interionic
structure of complexes 12'°% bearing neutral N,O-ligands, investigated in
CD,Cl, by the NOESY NMR spectroscopy, indicated that, for all complexes,
BPh, ~ is specifically localized in front of the face determined by PMe; and
both arms of the N,O-ligands. A confirmation of the specificity of the contacts
is that we never observed dipolar interactions between the counterion and M—
COMe protons. The interionic structure of the ruthenium complex bearing the
2-benzoylpyridine ligand determined by single-crystal X-ray studies presents
the counterion between the CO and O-arm of the N,O-ligand. This means
that the anion position is slightly different than that found in solution where
we also observed contacts between ortho protons of BPh, ~ and protons
belonging to the pyridyl ring (Scheme 5).

Conclusions for Qualitative NOE NMR Investigations

From the investigations on transition metal complex ion pairs, some
general features can be derived. The anion has a strong tendency to locate
close to the nitrogen-based ligand independent of its nature and that of the
solvent, both in cases with unsaturated and saturated N,X-ligands. There are
two conditions that allow a well-defined anion-cation relative position: (1)
electron polarizability of the complex that causes an accumulation of positive
charge far away from the metal, on the side of nitrogen-based ligands; and (2)
axial steric and/or electronic protection of the metal. The second condition is
naturally reached in octahedral complexes where the ion-pair structure is,
consequently, determined by (1). In the case of square planar complexes, the
apparently favored apical positions for the anion are often protected due to
electronic factors or to a mix of electronic and steric factors. Furthermore, the
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anion accessibility to the metal center appears to be finely modulated by the
steric hindrance in the apical positions.

The structure of ion pairs has sometimes been inferred from X-ray
structural work where it was assumed that the solution structure, the only
structure relevant to reactivity in solution, was the same as in the solid. The
results obtained in our investigations suggest that the surprisingly well-
defined structures in solution are often broadly similar to the solid-state
structure. For example, in one case the cation is surrounded in the solid state
by six symmetry-related anions, only one of which reflects the solution
structure. In such a case, even with the solid (octahedral complexes) state
structure in hand, it would not be obvious which of the ion pairs seen in the
solid resembles the solution structure.

Furthermore, we show how theoretical calculations can satisfactorily
explain the ion pair structure found in solution. The electron density on both
ionic fragments and the energy interaction values of the ion pairs evaluated
by quantum mechanic calculations (see sections on iridium and octahedral
complexes) are consistent with the experimental results and confirm the
location of the preferred binding site.

Quantitative NMR Investigation for Complexes Bearing
Unsymmetrical Counterions

According to what was stated in paragraph 1, average interionic distances
can be estimated by the quantification of the NOEs. We started our
investigations with 10a complexes.”> From qualitative '"H-NOESY NMR
studies, we knew that the anion orients two phenyl rings almost parallel to
the two pz-rings and the aliphatic chain (R =#-Bu or n-Hex) distant from
the metal center (see octahedral complexes section).'®* When R =Me the
qualitative approach did not give a definitive answer because both B-Me and
ortho protons interacted with the CH, and HS protons of the cationic moiety.
We then decided to quantify the NOEs by recording the kinetics of NOE
build-up by inverting several target resonances using the selno (selective
noesy)l6465 and selnogp (selective noesy with field gradient pulses)!®®®7}
NMR pulse sequences. An example of intramolecular and interionic NOE
build-up is showed in Figure 9. Average interionic distances were estimated
by taking the oH-mH distance (2.47 A) as a reference. In order to check the
accuracy of the determined average interionic distances, rotational correlation
times were estimated by using two independent NMR methodologies: *C
relaxation measurements'®*’? and the dependence of the 'H-'H cross
relaxation on the temperature. With both methodologies, it was found that
intramolecular and interionic couples of nuclei have the same rotational
correlation times (ca. 100 ps) within the experimental error and are about
3.8 times higher than those related to couples of nuclei belonging to

trans-Ru(COMe){(pz,)BH,}(CO)(PMes),. The latter compound”'! is
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FIGURE 9 Experimental data relative to the %NOE as a function of t for the
irradiation of oH protons of the BPhy ~ (T =302K) for complex in which R =Ph.
Reproduced from Ref. 25 with the permission of the American Chemical Society.

isosteric and almost isomass with the cationic fragment of the investigated
ruthenium(II) ion pairs. Consequently, it was concluded that the overall ion
pair rotation contributes mainly to the dipolar relaxation processes and that
the determined interionic average distances were accurate. From such
distances, it could also be concluded that in the case in which R =Me the
aliphatic chain points away from the metal center. In fact, the distance
between CH, and oH protons was about 0. 7A shorter (Figure 9) than that
relative to CH,/B-Me protons; this is in perfect agreement with what was
expected from molecular models.

AGGREGATION IN SOLUTION OF IONIC AND NEUTRAL
NON-COVALENT INORGANIC COMPOUNDS

As illustrated in the section on PGSE measurements, PGSE NMR
spectroscopy provides unique information for the characterization of non-
covalent assemblies in solution in that it allows self-diffusion coefficients of
molecules and their aggregates to be measured and, consequently, their size
to be determined.

PGSE techniques are often applied to investigate non-covalently bonded
organic systems. For example, Cohen et al.[’?l have characterized multi-
component hydrogen-bonded assemblies in solution and have demonstrated
that the PGSE technique has sufficient resolution to distinguish between
single, double, and tetrarosette assemblies. They also applied PGSE NMR to
probe (1) the formation of self-assembled tetraurea calix[4]arene dimers in
orgamc solvents via hydrogen bonds and (2) the encapsulation of guests in
these “container molecules”.””*! The application of PGSE studies to
inorganic compounds is still limited.
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Ionic Compounds

The association of organometallic ionic compounds as a function of
solvent (chloroform-d and methylene chloride-d,) and counteranion nature,
CF;S0; , B, (3,5-(CF5),C¢H3)4 ~ , and C1 ~, has been investigated through
PGSE NMR measurements for some arene ruthemum(II) complexes bearing
P,P-ligands by Pregosin et al.”* In a recent interesting paper, the same
authors showed that the field of application of PGSE measurements is not
limited to nuclei with high receg)tlwty (H and F) but can also be successfully
applied to *'P and **CI nuclei. Thls increases the counteranions that can be
considered, i.e., ClO4 ~ , PO4R, —,

By carrying out 'H PGSE NMR studies on compounds 10,** in which
M =Ru, we demonstrated that the type of ionic species present in solution is
strongly affected by the solvent and concentration. As an example, ion
quadruples are the predominant species in saturated solutions of trans-
[Ru(COMe){(pz,)CH, }(CO)(PMes),]BPh4(A) in chloroform-d while free
ions are mainly present in nitromethane-d; solutions (Figure 10). These
results can be deduced by comparing the slopes of the straight lines reported
in Figure 10 relative to compound A and to trans-[Ru(COMe){(pz,)BH, }(-
CO)(PMes),](B) that is isosteric and almost isomass with the cation moiety
of A (A1). B was used as an internal reference in order to be sure that the
results were not affected by a change in the viscosity of the solutions. In case
a of Figure 10 (chloroform-d), the ratio between the slopes (that corresponds
to the ratio of the diffusion coefficients Dg/Dj) is equal to 1.6. By assuming
A and B to be spherical, the volume ratio V/Vp is equal to 4.1 and, due to
the fact that A~ and A 7 have almost the same volumes, this ratio indicates
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FIGURE 10 Plot of In(I/Iy) versus G (a.u. arbitrary units) for the PMe; resonances

of A" and B and for the mH resonance of A~ for the PGSE experiments carried out in

(a) saturated solution of A in chloroform-d and (b) nitromethane-d; (4-10 ~ 3M).
Reproduced from Ref. 30a with the permission of the American Chemical Society.
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that ion quadruples are mainly present in solution. On the other hand,
the ratio of the slopes in case b (nitromethane-d;) is 1.1 with a con-
sequent volume ratio of 1.4 that can be explained with the main presence of
free ions that have a volume a little higher than B due to the solvent that they
drag during the translation. In between these two extreme cases, in which ion
quadruples (a) or free ions (b) predominate, there is a continuum
of situations corresponding to the simultaneous presence of ions, ion pairs
and ion quadruples.

Several ionic organometallic compounds are active catalysts for reactions
carried out in solvents with low dielectric constant and it is of fundamental
importance to know if the species that really act as catalysts are free ions, ion
pairs, ion quadruples, etc. Brintzinger et al.l’®! tried to address this question
by investigating zirconocene polymerization catalyst in the presence of
boron-based cocatalysts in benzene-dg at 300 K. They concluded that, at least
in some cases, ion quadruples are clearly present in solution. The lack of an
internal standard and the known instability of the complexes in which the ion
quadruples should be present leads to some perplexities. In a recent paper
Babunskin and Brintzinger®*! estimated the size of the Me-MAO ~ anion by
using an internal standard. The volume of the [Me-MAQO] ~ anion suggests
that it contains 150-200 Al atoms. In benzene solution the [(CsHs),Zr
(u-Me),AlMe,] + [Me-MAO] ~ ion pair remains associated even at the
lowest concentration studied and ion quadruples were appreciably present
only at elevated concentration (0.012 M).

Neutral Compounds

The obvious difference between investigating neutral intermolecular
adducts compared to ion pairs is the difficulty of having a reasonable
percentage of intimate adducts in solution. The latter condition is
fundamental, especially if one is interested in the relative orientation of the
interacting units. We have started our investigations on intermolecular
interactions by considering the possible stacking in solution of trinuclear
cyclic basic Au(I) compounds [Au(u-C%N>-bzim)]5 (bzim = 1-benzylimida-
zolate) (13) and [Au(u-C,N-C(OEt)=N-C¢H4—CH3)]5 (14) with the trinuclear
Hg(IT) acid complex [Hg(u-C,C-CF,)]5 (15) (Scheme 6).1!

While it is well-known that similar compounds stack in the solid state,
only indirect and inconclusive indications of the stacking process in solution
have been reported. The '°F,'H-HOESY NMR measurements showed the
presence of intermolecular cross-peaks for solutions of both 13/15 and 14/15
adducts. In particular, intermolecular interactions were observed in 13/15
between F2 from 15, and the CH,, H4, H5 and ortho-protons from 13
(Figure 11). In adduct 14/15, F2 interacts with the CH, protons of the OEt
group and with the ortho protons. Thus we conclude that a reasonable

[771
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FIGURE 11 Section of a '°F, "H-HOESY NMR spectrum of 13/15 adduct (9.6 mM
in THF-dg) at 376.63 MHz. Intermolecular NOEs are shown between F2 and the CH,,
H4, HS, and oH protons; and between F3 and the CH,, H4, and H5 protons. The
1D-traces relative to the F2 column and CH, row are shown on the right and top of the
section, respectively. Reproduced from Ref. 9 with the permission of the American
Chemical Society.
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percentage of intimate 13/15 and 14/15 adducts is present in solution. This
represents the first direct evidence for supramolecular assembly in solution of
13/15 and 14/15. These observations are consistent with the X-ray data,
which show several short H-F distances (3.2-4.0 A) for 13/15 and 14/15
adducts.”®’ PGSE measurements allowed the size of the adducts to be
quantified. There is an equilibrium between “AuzHgs;” and “Auz;Hgs;Aujz”
aggregates for saturated solution of 13 and 15 complexes, while for 14 and 15
complexes, free molecules and “AuszHgs” adduct are simultaneously present
in solution.

CONCLUSIONS

The importance of NOE and PGSE NMR experiments stems from the
fundamental role of weak interactions in determining the structure and
reactivity of inorganic adducts in solution and the often-observed non-
correspondence between the solid and solution structures.

The semi-quantitative NOE approach for determining the relative position
of weakly bonded units has been successful. Unique information has been
obtained about the interplay between anion-cation interactions and stoichio-
metric and catalytic reactivity of transition metal complex ion-pairs.!”) In
addition, it has also provided a tool for estimating the steric hindrance that
must be introduced in order to kinetically protect a metal center.!”*>-¢! The
applications regarding neutral inorganic adducts are still limited,”® mainly
because it is difficult to obtain a significant percentage of intimate adducts in
solution.

The quantitative NOE approach, i.e., the estimation of the mean inter-
molecular distances, presents some difficulties due to the checks that must be
done in order to be sure that the estimated distances are reasonably accurate.
In any cases, it has been demonstrated that, once all the conditions have been
satisfied, the average interionc distances can be estimated for transition metal
complex ion pairs.[?”!

Safe, interesting indications about the volumes of non-covalent aggregates
in solution can be derived from PGSE NMR experiments. The latter seems to
be widely applicable in that it can even be applied to multi-components
systems and, in contrast to intermolecular NOE experiments, does not
necessarily use nuclei with high receptivity.l””!
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