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Abstract

Multinuclear NMR spectroscopy has been used to study the solution properties of several perfluoroaryl borane derivatives. The information
obtained from all the NMR active isotopes present in these molecules made it possible to establish not only chemical identity, structure and
dynamics of their reaction products, but also the complexity of the solution speciation. In other words, multinuclear NMR helped in unravelling
the real forms in which they are present in solution, that in some cases can change dramatically according to even slight changes of the solution
conditions. Examples will be presented related to the chemistry of tris(pentafluorophenyl)borane, B(C¢Fs);, and bis(pentafluorophenyl)borinic
acid, B(C¢Fs),OH.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Organo-boron derivatives have become increasingly impor-
tant for their widespread chemical applications [1-5]. In
particular, the Lewis acidity of fluoroaryl boranes has been
widely exploited in organic synthesis and catalysis [6].
Much of the work focused on tris(pentafluorophenyl)borane
BAr; (1, Ar=CgFs) [7], but also related molecules such as
bis(pentafluorophenyl)borinic acid Ar,BOH (2) [8] have been
extensively investigated.

X-ray structures of many derivatives have been obtained, but
NMR spectroscopy proved to be a fundamental tool to under-
stand and clarify what was really going on in solution, disclosing
the different features of each system studied. We report here
some observations (sometimes quite unexpected) concerning the
solution behaviour of the two boranes 1 and 2, coming essentially
from our multinuclear NMR studies.

2. The strong Lewis acidity of
tris(pentafluorophenyl)borane

Tris(pentafluorophenyl)borane [7] (1) is a strong Lewis acid,
its strength being comparable to the one of BF3 [9-11]. Its
use as a catalyst or a stoichiometric reagent for organic and
organometallic transformation is now well established [6,11-13]
but it was primarily employed as a co-catalyst in metallocene-
mediated olefin polymerization for its ability to abstract an alkyl
group from the metallocene precursor and stabilize, through an
ion pair interaction, the active cationic species formed accord-
ingly [14,15]. The details of the polymerization process depend
on the complex interplay between the nature of the ligands on
the precursor metal complex, its symmetry, the stability and the
dynamics of the ion pair formed after the activation [10,16].
Therefore during these last years many reports have appeared in
the literature concerning the properties of the adducts generated
from the interaction of BArz with different metallocenes and/or
with bases [10-16].

Our studies contributed to this multifaceted subject through
the characterization of the structure and dynamics (i) of the ion
pairs formed by the interaction of BAr3 with indenyl dimethyl
zirconocenes, (ii) of new co-catalysts obtained by reacting BArs3
with N-heterocycles and (iii) of the adducts with water, a possible
contaminant in the reaction mixtures in which BAr3 is applied.

2.1. The interaction of B(Cg¢F'5)3 with bisindenyl
zirconocenes

2.1.1. The preferred rotamers of two highly mobile
ligands

The two ion pairs [LoZrMe]*[MeBArs]~ (3a L=4,7-
Me,indenyl, 3b L =indenyl, Chart 1), are readily formed upon
addition of 1 equiv of BAr3 to toluene solutions of the precur-
sor metallocene complexes. They exhibit apparent Cg symmetry
even in the lowest temperature ' H NMR spectra, indicating that,
in these complexes, the unsaturated rings enjoy significant con-
formational freedom [17]. Proton 2D NOESY spectra at ca.
200 K, however, showed that the rotation around the Zr-indenyl

Zr

Me

Chart 1.

axis was not completely free, since specific and not general-
ized dipolar correlations were observed between the indenylic
protons and the Me—Zr and Me-B groups (Fig. 1).

This suggests that the two ligands likely swing between limit-
ing conformations. We also observed some NOE cross peaks that
can arise only from inter-ring contacts (see for instance Meg/H»
in Fig. 1). In principle, these NOEs could set constraints on the
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Fig. 1. Selected regions of a 'H NOESY experiment on compound 3a (211K,
toluene-dg). The asterisk indicates a solvent resonance. Figure reproduced from
ref. [17], with permission of the copyright holders.
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relative conformation of the two ligands [18], but the possible
presence of different fast exchanging rotamers did not allow to
directly convert this information into proton/proton distances.

Insights into the limiting conformations of the two complexes
could be obtained using the experimental NOE findings as refer-
ence for a molecular mechanics study. Assuming the usual chiral
conformation for the BAr3 fragment, two torsional angles are
enough to describe completely the structure of these complexes.
On varying stepwise these angles, different structures were
obtained and their geometry was optimized using a force field
parameterized on purpose of describing these type of ions [17].
For each structure, effective proton/proton distances have been
computed, taking into account the averaging due to the dynamic
processes, and the expected relative NOEs were compared with
the experimental ones. As a result, for both the ion pairs two
torsional isomers were found enough to account for all the exper-
imental NOEs. The structures found for 3b are shown in Fig. 2.

Therefore, even if the rapid motion of the 7 ligands cannot
be frozen on the NMR time scale, the combination of molecu-
lar mechanics, using a properly parameterized force field, and
experimental NMR data provided clues on the solution confor-
mations of the ion pairs.

2.1.2. Intermolecular contributions to ion pair
symmetrization

In these complexes the cation/anion interaction is relatively
tight, as proved by the dipolar correlations commented above.
However, on rising the temperature, two dynamic processes
become evident in the 2D EXSY and 1D spectra.

The first one, above 250 K, exchanges all the diastereotopic
I and 13C resonances of the indenylic moieties. The second,
detectable only above 300 K, exchanges the Me-B and Me—Zr
resonances too. Similar processes have been described for other
metallocene complexes [15,19-21] and involve the borane moi-
ety through (i) [MeBAr3]~ dissociation from the ion pair and
its recombination after Me—Zr flip (ion pair separation process,
ips), leading to the equalization of the diastereotopic resonances
on the m ligands only and (ii) neutral BArz migration between

Rotamer 3b-A
T1= - 56° 1,= - 84°

Rotamer 3b-B
T1=22° 1,=-132°

59% M%

Fig. 2. Top views of the proposed structures for the preferred rotamers of the
ion pair 3b. The values of the torsional angles defining the structures and the
relative abundance of each rotamer are reported. Figure redrawn from ref. [17],
with permission of the copyright holders.

the two methyl groups (dissociation—recombination process,
d-r), which interchanges also the two Me resonances [19]
(Scheme 1).

Rate constants for these two processes were obtained by
dynamic band shape analysis [22] and/or by 2D EXSY spec-
tra [23,24] and the ips process resulted faster (ca. three orders of
magnitude) than d-r, as observed also for the ion pairs formed
by BArz with other zirconocenes [19].

However, when the ion pairs are prepared directly in the NMR
tube, intermolecular [MeBAr3;]~ and BAr3z exchange processes
can give rise to spectroscopic modifications similar to those
described above for the two intramolecular processes.

In particular, the presence of even minimal amounts (prac-
tically undetectable in 'H 1D spectra) of cationic impurities,
which form loose ion pairs with [MeBAr3] ™, increased the rate
of indenyl symmetrization (pseudo ips process). The presence
of an intermolecular contribution to this exchange was revealed
by the concentration dependence of the rate constants and of the
bandwidth of the Me-B signal (while that of the Me—Zr signal
remained constant). The latter effect implies the existence of an
exchange partner for the [MeBAr3;]~ fragment. Indeed, even if
not visible in 1D spectra, a [MeBAr3]™ anion (at § typical for
[MeBAr3]™ in loosely bound ion pairs [25]) can be indirectly
detected in 2D EXSY spectra through its small, broad but unam-
biguous cross peak with the (tightly bound) [MeBAr3]~ of 3.
Dilution experiments proved, and allowed us to quantify, the
intermolecular contribution to the anion exchange rate. Inter-
molecular exchange involving the [MeBAr3]~ anion was much
more evident [17] in samples obtained by using less than one
equivalent of BAr3, in which dinuclear methyl bridged cations
[26-28] with a loosely bound [MeBAr3]™ anion, are present (4
in Chart 1).

When the ion pairs are isolated and purified the observed
exchange processes are truly intramolecular. Instead when the
products of the reaction are prepared and studied directly in the
NMR tube, small impurities can give rise to spurious effects.
This difference might account for the conflicting evidence
concerning these dynamic processes that has appeared in the
literature [10,21].

No concentration dependence of the borane exchange rate
(process d-r) was found for the samples generated in situ.
However, differently from that reported for other metallocenes
[10], an excess of BAr3 increased the d—r rate. This suggests a
bimolecular mechanism, with the possible formation (at least in
the transition state) of a dicationic species, likely stabilized by
the high donor power of the indenyl ligands.

2.1.3. The attack of B(CsFs5)3 on a buried methyl group

In meso ansa-(bisindenyl)zirconocene, the presence of the
bridge locks the indenyl groups in an “eclipsed” conformation
and makes the alkyl substituents on the metal atom unequiv-
alent: one (called “outward”) points away from the 7 ligands
pocket, while the other one (“inward”) lies within the 7 ligand
pocket. The reaction with BArj3 in principle could give rise to two
isomers, according to which alkyl group has been abstracted.
The “inward” site is expected to be effectively screened from
the attack of the bulky borane, and theoretical calculations on
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similar compounds supported this view [29]. Indeed the con-
tact ion pair meso-[CoHy(4,7-MezInd)2ZrMejnw T [MeBArs ]~
(3¢ in Chart 1) is formed upon reaction of BAr; with the cor-
responding metallocene [30]. The attack of BArs to the more
accessible “outward” position is proven by several observations,
among which is the sharp signal of the residual “inward” Me—Zr
group lying at high-field (§ —1.82) due to the shielding of the
ligand m electrons.

However, a careful analysis of 'H NOESY/EXSY at
320K also revealed the existence of the meso-[CyH4(4,7-
MesInd),ZrMegy " [MeBAr;]~ isomer (3¢’), as an ‘almost
hidden’ exchange partner of the major species (Fig. 3). The
amount of this isomer was ca. 4% and its indenyl resonances
were identified through their exchange cross peaks with the cor-
responding signals of the major isomer. Diagnostically, in 3¢/
the broad Me-B resonance is at § —1.6 and the NOE correla-
tions of its methyl groups are reversed with respect to the major
species 3c.

Both the dynamic processes discussed above for the non ansa
metallocenes are able to interconvert the two isomers, but the
exchange pattern of the methyl groups can clearly discrimi-

Me-Zr’

nate between the two. Indeed the ips mechanism would bring
the “outward” Me-B in the “inward” position giving rise to
(Me-B)op <> (Me-B); and (Me—Zr) <> (Me—Zr); exchange cross
peaks, while, through the dissociation of the neutral borane (d—r
process), the (Me-B)g <> (Me—Zr); and (Me—Zr)y <> (Me-B);
cross peaks should be observed (Fig. 4). The experimental find-
ings (Fig. 3) point to an ips mechanism, although this process
is significantly slower than that observed for the correspond-
ing non ansa derivatives, described above. No evidence of d-r
process was found up to 340 K.

On the other hand, as found for the non ansa deriva-
tives, in the presence of an excess of BArz, at 283K, 2D
EXSY showed (Me-B)g <> (Me—Zr); and (Me—Zr)y <> (Me-B);
cross peaks, indicating the occurrence of a process that mim-
ics the effects of a d-r exchange. Since the rate of a true
dissociative process, like d-r, should not depend on the
presence of BArs3, this supports the idea that, in spite of
its bulkiness, BAr; is able to attack the inward position
of the meso-[CoH4(4,7-MezInd)ZrMejnw T [MeBArs]~ com-
plex and, through a bimolecular mechanism, interconvert the
isomers.
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Fig. 3. Region of a 'H EXSY experiment on a mixture of 3¢ and 3¢/ (320 K, toluene-dg). The signals of 3¢’ are magnified 12 in the insets above the 1D trace. The
asterisk marks an impurity. Figure reproduced from ref. [30], with permission of the copyright holders.
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Fig. 4. A picture of the expected exchange patterns between the methyl res-
onances of 3¢ and 3¢/, according to (a) ips or (b) d—r mechanisms. Figure
reproduced from ref. [30], with permission of the copyright holders.

2.2. The interaction of B(CsF'5)3 with N-heterocycles

The relatively high coordinating ability of the [MeBAr3]™
anion, compared for instance to [BArg]™ [10,13] or to
the anions formed by the more encumbered tris(2,2/,2”-
perfluorobiphenyl)borane, [28a] makes BAr3 performances as
co-catalyst less efficient than desired. The search for better
co-catalysts explored the way of converting the Lewis acidity
of BAr3 into Brgnsted acidity, enabling metallocene activation
through protonolysis of the M—R bond with formation of a less
coordinating anion [10].

The reaction of BAr3 with aromatic five membered N-
heterocycles afforded adducts with a high acidic sp> carbons
(Chart 2) [31-33]. Archetypal pyrrole [31,33], and indole [31]
derivatives (5a and 5b) treated with NEt3 gave instantaneously
and quantitatively the corresponding borate anions [31], which
are encumbered and poorly coordinating enough to be effective
in the polymerization process. Indeed several adducts of this
type proved to be active co-catalyst for metallocene-mediated
ethylene polymerization with comparable or improved catalytic
performances with respect to MAO or BAr3 [34-36].

Likely, a significant contribution to the driving force for such
easy deprotonation comes from the recovery of the aromatization
of the heterocyclic ring. Interestingly, no acidic proton is present
in the adduct obtained by the reaction of BArz with indoline (5fin
Chart 2) [31] neither such ability to protonate NEt3 was observed
for the adduct with 7-azaindole 5g, where the interaction occurs
exclusively on the pyridinic nitrogen [37].

The CH; hydrogen atoms of adducts Sa—5e are diastereotopic
and in their low temperature 'H spectra they (but those of 5a,
see below) appear as an AB multiplet, that, on increasing the
temperature, broadened and eventually coalesced into a singlet
[31,32]. These compounds, due to the conformation of the per-
fluorinated rings, are examples of stereolabile conformational
enantiomers.

The energy barriers for the rotation about B—C and/or B-N
bonds are high enough to allow detection of these atropiso-
mers through NMR spectroscopy. '°F NMR confirmed this view,
showing 15 distinct resonances. Similar conformational rigidity
was observed also for adducts 5f and 5g.

Homonuclear ('H and °F) and heteronuclear (' H-'°F) scalar
and dipolar correlation experiments allowed us to obtain the
solution structure and a more detailed picture of the dynamic
behaviour occurring in these compounds. In fact, other pro-
cesses, besides the simple rotation around the bond connecting
the borane and the heterocyclic moiety, can interconvert the two
enantiomers.

The connectivities observed in 2D '°F experiments for the
ortho fluorine resonances resulted particularly useful to probe
the solution structure. In fact 'F COSY spectra provided,
besides the straightforward assignment of the resonances of
each ring, a not-obvious piece of information, showing “through
space” coupling [38] between ortho fluorine atoms belonging
to different rings (Fig. 5a). Nuclear spin—spin coupling via non-
bonded interactions requires not only a short distance but also an
effective lone-pair orbital overlap between the involved nuclei
[38]. These scalar correlations integrate the evidence coming
from !F NOESY experiments, since NOE cross-peak inten-
sity can be significantly decreased by modulations due to such
J coupling (Fig. 5b).

Moreover some of the ortho fluorine atoms showed scalar
and dipolar correlations with the protons of the heterocyclic
fragment, thus establishing its conformation with respect to the
borane moiety, as illustrated in Fig. 6 for adduct 5c.

The solution structures resulted strictly comparable with
those obtained through single crystal X-ray analysis [31,37],
showing the same '°F- - -!°F and 'H. - -1°F short contacts and the
arrangement of the three rings typical of this class of compounds:
one almost coplanar with the bond connecting the borane and
the heterocyclic moiety (the so called in-plane substituent [39]),
and the other two in a two-bladed propeller-like conformation
(Fig. 7).

The 1D '°F spectra show that more than one dynamic process
is active in these adducts, as the resonances of the three rings
undergo different broadening, on increasing the temperature.
None of these processes implies the free rotation around the
bond connecting boron to the heterocyclic moiety, since this
would exchange all the three rings at same time. '°F EXSY
experiments pointed to two basic low energy processes, as shown
in Fig. 8 for Sc.

The first process, that leads to enantiomerization, implies the
mutual exchange of the two aryl rings encompassing the most
encumbered part of the heterocyclic fragment (the in-plane ring
being one of these). The rings experience concerted small libra-
tions around their B-Cjpso bond, while the third ring flips [40]
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and the heterocyclic fragment undergoes a small rotation around
its bond with the boron atom. The second process exchanges the
in-plane aryl group with the ring which was not involved in
the previous exchange. Also in this case the heterocyclic moi-
ety does not need to fully rotate around its bond with the boron
atom.

The steric interactions between the heterocycle (and its sub-
stituents) and the borane moiety are likely the source of the
rotation hindrance. The comparison of the room temperature '°F
spectra of three derivatives supports the view (Fig. 9): for the
anthranyl derivative Sh of Chart 2, where the oxygen in position
2 cannot establish any interaction, the exchange is so fast to give
rise to a single signal, while for Sc and 5b the exchange is pro-
gressively slower. Moreover, in adduct 5a (as in the one between
indole and BCl3) the methylenic protons appear as singlets at
any temperature, due to the lack of any significant hindrance
[31].

The rate constants of these processes can be obtained from
the analysis of the volume of the exchange cross peaks (in par-
ticular in the para region, see Fig. 8) of suitable '°F EXSY
spectra [23,24] and from the band shape analysis of the '°F
and, when the case, 'H 1D spectra [22]. The activation param-
eters derived accordingly for adducts Sb, Sc and 5g indicate a
much lower activation energy for Sc¢ compared to the indolic
derivatives [31,37].

1D 'H band shape alone is not recommended for the study
of these dynamic processes since it is blind with respect to
the real processes that are going on. Moreover, when the acti-
vation energies of the two processes are not very different
(and in the range of a few degrees both become operative
with comparable rates, as is the case of N-methyl deriva-
tives), the derived rate constants and activation parameters are
meaningless.

2.3. The interaction of B(Cg¢F's5)3 with water

2.3.1. The Brgnsted acid [(CsF5);B(OH>)] and its
H-bonded adducts with water

The hydrolysis of BAr; to ArpBOH and eventually to
ArB(OH); and B(OH)3 is very slow. However BAr; instanta-
neously reacts with water affording the adduct [Ar;B(OH3)]
(equilibrium 1).

BAr; + H,0 < [Ar3B(OHy)] 1)

In this way its strong Lewis acidity is converted into strong
Brgnsted acidity. Indeed [Ar3s B(OH»)], as the analogous adducts
with alcohols, is able to protonate alkyl groups bound to metals,
creating a vacancy that can be readily saturated by the coordina-
tion of the non-innocent borate anion [Ar3B(OR)]™ [41,42] or
with the irreversible transfer of an aryl group to the metal [43].

The BArs/water system has been therefore thoroughly inves-
tigated by different groups. We completed the scenario framed
by the X-ray structures of the two derivatives [Ar3;B(OH»)]
[44] and [Ar3B(OH>)]-2H>0 [45] and by the solution study in
acetonitrile [46], in which the pK, of [Ar3B(OH,)] was found
comparable with that of HCI in the same solvent.

Low and room temperature titrations with water of BArj3
toluene solutions [47] proved the stepwise formation of the
three mono-, di- and tri-aquo adducts [Ar3B(OHj)] (6a),
[Ar3B(OH>)]-H,O (6b) and [Ar3B(OH3)]-2H, 0 (6¢) (Chart 3),
according to the equilibria 1, 2, and 3
[Ar3B(OH3)] + H;0 < [ArsB(OH2)]-H,O 2)
3)

The low temperature '°F spectra, recorded while adding the
first equivalent of water, showed two distinct signals for BAr3

[Ar3B(OH)]-H,O 4+ H,0 S [Ar3B(OH,)]-2H,0
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Fig. 5. (a) Ortho region of a 19F COSY experiment on 5b showing “through
space” correlations between fluorine atoms of different aryl rings; (b) ortho
region of a °F NOESY experiment on 5b; all the cross peaks have opposite
sign with respect to the diagonal peaks (233 K, toluene-dg). Figure reproduced
from ref. [31], with permission of the copyright holders.

and [Ar3B(OH,)], indicating that the exchange of the B-bound
water is slow on the NMR time scale. Instead, in the follow-
ing titrations steps, a single set of signals was observed, the
chemical shifts of which moved linearly upfield, particularly in
the para region, as the amount of water increased (Fig. 10a).
This evidence indicated that, also above 1equiv of water, two
species only were present in solution: the mono- and di-aquo
adducts 6a and 6b below 2 equiv, and di- and tri-aquo adducts
6b and 6¢ above 2 equiv, respectively. Moreover the para sig-
nals were broad without fine structure between 1 and 2 equiv
(Fig. 10b, left), while they were sharp and showed the typical
pseudo triplet structure between 2 and 3 equiv (Fig. 10b, right).
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Fig. 6. [F-'H] HOESY experiment on compound Se (185 K, toluene-dg).

H3/H3’

c4

Fig. 7. Solution structure of compound 5b as derived by 'F-'°F and 'H-'"F
scalar and dipolar experiments. The dotted lines indicate the observed corre-
lations. Figure reproduced from ref. [31], with permission of the copyright
holders.



T. Beringhelli et al. / Coordination Chemistry Reviews 252 (2008) 2292-2313 2299

(a) Ad c4 B4

[} (PPm)

Q #

i Jo: 1568
O -

@@ @ L 156.0
o §

o - 155.2
O :
N I

II"]II[ITI'Iflllfl"'\ll‘fl\[ll

(ppm) . 1556 1564  -157.2
(b)
0 ) @)
5 * i
@ ® | 455.2
4 L
IIII'\T'\"Ifl[llll'\l'\"'\'\f[llllllli
(ppm) 1556 -156.4 -157.2
(0
o G0
9 A A
7 i
é' © ® | ass2
Q L
ITITTT[Illlllll'\l'\"ffflllllll-
(ppm) 1556 -156.4 -157.2

Fig. 8. Para regions of ’F EXSY experiments on 5c¢ at (a) 253 K, (b) 278 K and
(c) 284 K, showing the progressive onset of two exchange processes (toluene-dg,
T =50 ms).

H 4 Me

— =
Y/ Me™ X =
| T i
BAr3 BAI':; BAT3

5b 5c 5h
()

i
T

-154.8

M @

I I I I I I I
-156.0 -157.2 -158.0

(ppm)

Fig. 9. Pararegion of '°F spectra of compounds 5b (a), 5¢ (b) and 5h (c) (300 K,
toluene-dg).

-155.6

h
’,”O\H
H\ /I_| H\o/ H/
| [
Ar” T Ar Ar T Ar
Ar Ar
6a 6b
'F" H
|
H/O\\"- ”O\H
~ H,r
H. ?/
Ar/I|3\Ar
Ar
6¢c
Ar= CSFS
Chart 3.

Therefore even at 196 K fast dynamic processes exchange the H-
bonded water molecules and the rate of these processes increase
at higher water content. The 'H spectra at 196 K confirmed the
progressive quantitative reaction with water and the occurrence
of dynamic processes.

Variable temperature experiments performed on samples with
different concentrations at different water/BArs ratios allowed
us to have details on the intra- and intermolecular exchange
processes active in this system. For many of them kinetic and
activation parameters have been obtained through band shape
analysis.
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Below 1 equiv, the exchange of B-bound water, observable
through '°F, is the only dynamic process. Such exchange, slow at
low temperature (vide supra), at room temperature is fast enough
to give averaged signals. This is likely the reason for the scat-
tered '°F chemical shift values reported in the past for BArs,
possibly due to a non-complete water removal from the solu-
tions. Band shape analysis of the spectra of samples of different
concentrations pointed to a dissociative process (the breaking
of the bond between water and BAr3 being the rate determin-
ing step). The activation parameters (AH* =67 (2) kJ/mol and
AS* =58 (7) J/mol K) resulted in agreement with the previous
work of Norton and co-workers [46].

Between 1 and 2 equiv, the H-bound water undergoes inter-
molecular exchange between 6a and 6b. A small temperature
range was available for the kinetic studies of this process, since
in 19F spectra the ‘near fast exchange’ regime was already
attained at 196K and in the 'H spectra above 210K other
exchange processes became evident. However mechanistic fea-
tures were revealed by concentration dependence experiments
in this temperature range: both unimolecular (dissociative) and
bimolecular mechanisms contribute to the exchange of the H-
bound water, the latter being more important in the range of
concentrations investigated. Anyway, the rates of the dissocia-

tive pathway were more than four orders of magnitude higher
than that of the dissociation of the B-bound water from 6a, as
expected for the lower strength of an hydrogen bond compared
to a covalent bond.

The di-aquo derivative 6b is involved in many dynamic pro-
cesses, both inter- and intramolecular. In the presence of less
than 2 equiv of water, the intermolecular exchange of the H-
bonded water molecule occurs, as noted previously. When more
that 2 equiv of water are present, analogously a H-bonded water
molecule is exchanged with the tri-aquo adduct 6c¢; in all condi-
tions this last process is too fast on the NMR time scale to provide
kinetic information. When the di-aquo adduct 6b is the domi-
nant species, other intramolecular processes become evident.
First the external (H-bonded) water molecule moves so rapidly
between the two hydrogen atoms of the internal (B-bonded)
water that a single protonic signal is observed for the latter water.
Above 210 K both the signals of the B-bound and H-bound water
broadened, suggesting the occurrence of their mutual exchange.
The rate constants were derived from the linewidth of the sig-
nal of H-bonded water in samples of different concentration and
with composition very close to the exact stoichiometric ratio
of 2equiv. Their values (and that of the activation enthalpy)
resulted close to those derived for the dissociative exchange of
water between the mono-aquo adduct 6a and BAr3, supporting
the idea that what occurs is not simple proton exchange but the
interchange of the whole water molecules.

In the presence of the tri-aquo adduct 6¢, all the inter- and
intramolecular processes became too fast to be studied through
NMR.

It is interesting to remark that the presence of BAr; allows
an amount of water much higher than its solubility to dissolve
in toluene, even at very low temperature (for the typical con-
centrations used in our experiments just 0.2 equiv of water were
above the saturation of toluene at 196 K).

2.3.2. The Brgnsted/Lewis base [(CsF5);B(OH)]~ anion
and its (labile) adducts

The strong Brgnsted acid [Ar3B(OH»)] can easily be depro-
tonated by bases like NEt3 or DMAN (‘proton sponge’,
1,8-bis(dimethylamino)naphthalene), affording the borate anion
[ArsBOH]™ [45,46] (7 in Chart 4). In the presence of 1 equiv of
BAr3, the anion 7 behaves as a Lewis base and gives the dimeric
borate [Ar3B(n-OH)BAr3]~ (8) [45,48,49].

[ArsBOH]™ + BAr; < [ArsB(p-OH)BArs]™ )

This reaction is actually an equilibrium and, in the presence of
other bases, 8 can act as a source of BAr3 (in other words a
single OH™ is not enough to neutralize the Lewis acidity of two
BAr3 molecules). For instance attempts at further deprotonating
8 with NEt3, to obtain the corresponding dianion, resulted in
reaction (5) between released BAr; and the amine [50].

2BAr; + 2NEt3
— [NHEt3]1T[ArsBH] ™ + ArsB~(CH,CH=N1Et;))  (5)

Even water was able to shift equilibrium 4 to the left,
resulting in its insertion in the B—O-B bridge to give the
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[Ar3sB(H)OH. - -O(H)BAr3]™ anion 9 [44,45,51].
[ArsB(p-OH)BAr3]™ + H,0 = [Ar3sB(H)OH. - -O(H)BAr3]~
(6)

Reaction (6) can be explained by water coordination to BArz,
followed by hydrogen bonding of 6a to the borate anion 7.
Noteworthy, the reaction occurs even in the presence of adven-
titious water, so that 8 in solution behaves as water scavenger,
as BArs. Rational and high yield synthesis of 9 are possible, e.g.
by treating [Ar3s B(OH3)] with 0.5 equiv of NEt3 or by treating
[ArsBOH]™ with 1 equiv of [Ar3B(OH2)] [48].

The anion 9 can be viewed as a homoconjugated pair (of
the Brgnsted acid—base pair 6a/7), or as the adduct between
the H30, ™ anion [52] and two BArs molecules. The solution
behaviour of di-borates 8 and 9 shows interesting differences.
The '°F low temperature spectrum of 8 indicates conforma-
tional rigidity, showing 15 fluorine signals (C, symmetry) for
the three non-equivalent aryl rings. As in the case of the adducts
of BAr3 with N-heterocycles, the relative conformation of the
three rings was obtained by the “through space” scalar couplings
(Fig. 11) and dipolar correlations observed in '°F 2D correla-
tion experiments. The 'F-'H correlations assigned the ortho
fluorine atoms close to the hydroxylic proton. This signal is a
triplet (Jyr = 17 Hz) below 196 K and on rising the temperature
becomes a 13-line multiplet, with an apparent Jyr =3 Hz. This
indicates the onset of dynamic processes that make equivalent
all the ortho fluorine atoms of the six aryl rings. "H NMR cannot
provide details about the nature of these dynamic processes. The
cross peaks observed in the para and meta regions of '’F EXSY
showed instead how this equalization begins. At temperature
as low as 183 K, mutual librations of the two borane moieties
around the B—O bonds interconvert rings B and C, while wider
oscillations interchange rings A and B with slightly slower rates
(see Fig. 11d for the assignments) [48], as calculated from the
volume of the exchange cross peaks in the para and meta regions
[24].

The '°F spectra of 9 showed a single set of fluorine signals
(Fig. 11), only slightly broadened at low temperature, indicating
that the interposition of the water molecule makes the rotation
of the two borane fragments less hindered. The proton exchange
within the H30, ™ anion could instead be frozen. The single Iy
resonance (§ 8.55) observed at 300 K splits, below 173 K, into
two resonances (1:2 ratio). The chemical shift of low field one
(6 17.9) is diagnostic of the occurrence of a strong hydrogen
bond. The solution equivalence of the other two protons (§ 4.5),
at variance with what observed in the solid state [48,52], points
to a dynamic averaging due to the fast exchange of the hydrogen
bonded proton between the two [ArsBOH]™ moieties.

Free rotation of the aryl rings on the two boron atoms was
observed also in the asymmetric borate [Ar3B(p-O)BAr;]~ (10
in Chart 4) [48], in which, the absence of proton/fluorine inter-
actions and the presence of a trigonal boron fragment relieve
rotation hindrance.

In our solution studies [48] we did not find evidence of close
interactions between the borate anions 8 and 9 and their cations.
Instead ['°F-'H] HOESY showed that the anions containing a
single boron center, namely [Ar3; B(OH)]™ and [ArsBH]™ (11),
formed strong ion pairs with their [NHEt3]* cations. In the case
of [Ar;BH] ™ this resulted in the formation of an unconventional
hydrogen bond [53] between the negatively polarized hydride
on the boron atom and positively polarized proton on the cation
(Fig. 12). Such interaction was unambiguously detected only in
aNOESY experiment performed under boron decoupling, being
the hydride broad for the coupling with the quadrupolar boron.

As a final remark, water molecules are so effectively trapped
by [Ar3B(H)OH. - -O(H)BAr3]~ that, when the countercation
was NHEt; ™", the corresponding NH resonance was not broad-
ened by the exchange with water, as is usually the case for the
NH protons. As a result, at room temperature the detailed fine
structure due to the coupling to '*N and to the six equivalent
CH; protons of the ethyl groups (Fig. 13) could be observed,
while at low temperature the increase of the N relaxation rate
caused the collapse of the multiplet.
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3. The chameleonic nature of
bis(pentafluorophenyl)borinic acid

Bis(pentafluorophenyl)borinic acid, Ar,BOH (2, hereafter
simply borinic acid) is an intriguing molecule. Due to its vari-
ety of active sites (Lewis and Brgnsted acid, as well as Lewis
base, and also hydrogen-bond donor and acceptor), in solution
it is involved in manifold intra- or intermolecular interactions
and association equilibria, so that it can dramatically modify its
speciation in response to external stimuli, such as temperature,
concentration, presence of even minimal amounts of bases.

It was first synthesized more than 40 years ago [8], but only
in recent years has it been the object of intense investigations,
both from academia [54] and industry [55]. The growing use of

[NHEt3][ArsB(H)OH:--O(H)BAr3]

-‘m“mym“,;\"f’l‘. e SR B bbb i o R e
| ( \ ! I
5.2 4.8 4.4

Fig. 13. NH region of the 'H NMR spectrum of [NHEt;]* 9 (298 K, CD,Cl,).
Figure reproduced from ref. [48], with permission of the copyright holders.
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this compound made a deeper investigation of the behaviour of
2 in solution more important.

At the beginning of our investigations on this molecule, we
discovered that in the solid state 2 is a cyclic trimer, containing
only tetra-coordinated boron atoms connected through oxygen-
to-boron donor—acceptor bonds: cyclo-(Ar;BOH)3, 2 in Chart 5
[56,57]. This structure is unprecedented in organo-boron chem-
istry, where six-membered cycles always contain trigonal boron
atoms, as for instance in boroxines, cyclo-(RBO)s3. Instead, this
structure is much more similar to those of cyclo-(R;EO)3 silox-
ane and stannoxane derivatives.

A few Ar,BX compounds (X =H, N3), known to be dimers
in the solid state, partly [58] or completely [59] dissociate when
dissolved in aromatic solvents. This immediately raised the
problem of the form in which 2 is present in solution: a trimer,
a monomer, a different type of oligomer? And moreover: a sin-
gle species or equilibrium mixtures? Our NMR investigations
have brought to light a complex, and for many aspects surpris-
ing, behaviour, in which hydrogen-bonding interactions play a
major role.

3.1. Toluene solution: a monomer with hindered rotation
around the B—O bond

When 2 is dissolved in toluene, it very rapidly loses its
trimeric nature: at room temperature all the NMR data [56,60]
indicated the presence of a single species, and !'B NMR, which
provides information on the geometry around boron atoms [61],
unambiguously assessed that this species is the monomer (2y,).
Indeed the chemical shift of the solution species (§ 42.2) falls
in the range of tri-coordinated boron derivatives [62], while the
solid phase exhibits a signal (§ 2.4) in the region typical for
tetra-coordinated boron [63].

Such deoligomerization is clearly entropically driven. How-
ever, the trigonal boron atom in 2, can acquire some
stabilization by m-donation from oxygen to the empty p orbital
of boron. These pm—pm interactions are a common feature
of trigonal boron compounds bearing substituents with non-
bonding electron pairs [64]. The partial double bond character
of the B—O interaction results in restricted rotation around the
Ar,B—OH bond (Scheme 2). The variable temperature '°F spec-
tra actually showed that at low temperature the two perfluoroaryl
substituents of the boron atoms become not equivalent, while
free rotation around the B-Cjpso bond is maintained, even at
the lowest temperatures. Fig. 14 summarizes the most rele-
vant NMR data concerning this process. A similar dynamical

H H
N/
B B
. Ry
Ar/ Ar Ar/ Ar
Scheme 2.

behaviour has been observed in several Ar,BOR derivatives
[65-67].

3.2. Self association in dichloromethane solution

On changing the solvent, the scenario drastically changes
[68]. Dichloromethane solutions of 2 at room temperature
always show two sets of signals, of different intensities, either in
the 'Hor '°F or ' B spectra. One set of signals (the more intense)
was immediately attributed to the monomeric form of borinic
acid, for its strict resemblance with the data in toluene. The
unambiguous attribution of the other set to the trimeric form was
less straightforward and required some additional NMR exper-
iments. Indeed ''B (8 8.4) told only that the unknown species
contains tetra-coordinated boron. The values of the longitudinal
relaxation times, much shorter than those of 2, [69], indicated
a molecule bigger than the monomer. Its oligomeric nature was
indicated by the increase of its relative amount on increasing the
concentration and on decreasing the temperature, as it is typi-
cal of association equilibria. Finally, the trimeric nature of the
oligomer was ascertained by measuring the slope of a suitable
plot of the intensity ratios at different overall concentrations
[68].

Therefore, in dichloromethane, a self-association equilibrium
(7) is present, so that monomeric and trimeric forms of 2 coexist,
in different relative amounts in different conditions. According
to its lower dipole moment (computed values 0.75 Debye vs.
2.48 Debye for 2; and 2y, respectively [68]), the equilibrium
concentration of the trimer increases with decreasing solvent
polarity, in the series CD,Cly, CDCl3 and CCly [70] (Fig. 15).

3ArBOH S cyclo-(Ar,BOH)s 7

Variable temperature studies were performed to characterize
this unusual association equilibrium. The spectra at the lowest
temperatures revealed a completely unexpected process.

3.3. Spontaneous partial dehydration at low temperature

Whenever CD,Cl; solutions of 2 are cooled below 220K,
small amounts of two new species are generated (see Fig. 16a),
which disappear when the temperature is raised again. One of
them was readily identified as the Ar,BOBAr, anhydride (12 in
Chart 6) [60,71], formed according to equilibrium 8 [68].

2Ar,BOH < ArpBOBAr; +~H,O ®)

The identification of the second species was much more diffi-
cult. Its formulation as the adduct 13a depicted in Chart 6 is
based on the relevant NMR evidence summarized in Fig. 16.
The presence of bonded water was confirmed by the instanta-
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neous and complete disappearance of the signals of 13a upon
addition of BAr3 as water scavenger, and by the increase of its
relative amount upon (small) addition of water. The hypothesis
that water was simply hydrogen-bonded to 2; (giving the adduct
14a of Chart 6) was ruled out by the 'F EXSY experiment of
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Fig. 15. Meta regions of '°’F NMR spectra of 2 in different solvents (0.1 M,
283 K).

Fig. 16c, which revealed that 13a exchanges with 2, and not
with 2.

The adduct 13a is therefore constituted by an octa-atomic
cycle, in which a proton is hydrogen bonded to the two identical
ends of an open trimeric oligomer. An analogous of 13a (namely
13c in Chart 6) is formed in fair yield when borinic acid is treated
with MeOH at 183 K [72].

Two remarkable features of 13a must be stressed. First, the
observed exchange of 13a with 2, implies that, in spite of the
strength of the hydrogen bond (§ 18.6 for the shared proton),
the cycle is extremely labile, so that it is continuously destroyed
and rebuilt, even at very low temperatures (rate constants of the
order of 1s~! at 180 K).

Second, in spite of the lability of the system, the stabilization
of the molecule of water in 13a (where water is simultaneously
covalently bound to a boron atom and hydrogen bonded to
an oxygen atom) is so strong to promote water formation
by dehydration of borinic acid itself to its anhydride. This
process can occur only at very low temperatures, for entropic
reasons, the overall equilibrium being represented by Eq. (9).
Interestingly, this implies that low temperature solutions of
borinic acid can be considered water scavenger more powerful
than the anhydride itself!

5Ar,BOH < Ar,BOBAr; + [(Ar,BOH)3-H, O] C)]

As a result of the above described equilibria, low temperature
dichloromethane solutions of pure borinic acid always contain
four species: the monomer 2, the trimer 2, the anhydride 12
and the adduct 13a.

3.4. The role of Lewis bases in the oligomerization
equilibrium

The monomer—trimer equilibrium is affected by the presence
of Lewis bases.

Since the beginning of our investigations, we realized
that adventitious water was responsible for our initial erratic
results [68], because its presence slightly increases the amount
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of trimeric species and notably increases the rate of the
trimerization reaction. These effects varied with the relative
amount of water, but were detectable even at very small water
concentrations. Other Lewis bases caused similar (or even more
dramatic) effects.

On working in the presence of BAr3, as in situ water scav-
enger (standard dehydration of CD,Cl, over molecular sieves
being insufficient), we found that the true equilibrium concen-
tration of the trimer at room temperature is rather small and,
moreover, the attainment of the equilibrium is extremely slow.
This prevented the acquisition of the thermodynamic parame-
ters.

Why water and other bases are able to affect this sluggish
equilibrium? The kinetic effect of the bases is due to their
capability of opening alternative reaction paths. The association
of borinic acid requires intermolecular oxygen-to-boron nucle-
ophilic attack, but the intramolecular pm—pm O-to-B electron
donation in 2, lowers both boron acidity and oxygen basic-
ity. The coordination of bases to the boron atom of 2, (to give
the adducts 15 of Chart 6) makes the non-bonding electrons of
the OH group fully available for intermolecular interaction with
another boron centre, so favouring the oligomerization process
(see Scheme 3). PM3 calculations, performed for the interaction
with water, supported this view [68].

The increase of trimer relative amount upon addition of
small amounts of bases (clearly observable in the titrations
monitored by '°F NMR at 283 K, Fig. 17) is attributable to the
stabilization of 2; by hydrogen bonding, giving adducts 14 of
Chart 6 [73]. Indeed the H-bond of the base with 2, is favoured
(with respect to that with 2y,), due to the higher acidity of the
OH groups of 2;. Notably, on increasing bases concentration,
their effect on the monomer—trimer equilibrium is reversed,
because equilibrium 10 is driven to the right and the trimeric
species are destroyed (Fig. 17).

[(Ar;BOH)j3-base] + 2base <= 3Ar, BOH-base (10)

Particularly impressive is what observed on using THF [74],
which is a stronger Lewis base [75,76] and a better H-bond
acceptor [77,78] than water. Upon addition of a stoichiometric

amount of THF (0.33 equivalents), at 183 K, all borinic acid was
instantaneously and quantitatively transformed into its trimeric
form, stabilized by H-bond with THF (14b in Chart 6). On the
contrary, the trimeric adducts with water (and MeOH) attained
a high concentration at low temperatures only when the cooling
of the solution was very slow, to allow the progressive shift of
the equilibrium toward the trimeric form. Then the difference
between THF and the other bases (water and MeOH) is mainly
of kinetic nature. Why does this happen?

"B monitoring of the titrations at 283 K (Fig. 18) made the
picture still more puzzling, because it showed that for THF
the preferential (although not exclusive) interaction with 2,
occurred by H-bonding (16b in Chart 6) rather than by covalent
bonding. The formation of the covalent adducts 15 was instead
the dominant reaction with the other bases.

This evidence apparently contrasts with that expected for
THEF, taking into account its stronger Lewis basicity and its
higher kinetic efficiency (which, according to Scheme 3, is based
on the catalytic role of the covalent adduct). However: (i) THF is
astronger H-bond acceptor with respect to the other bases; (ii) its
covalent adduct is slightly destabilized by steric crowding [79];
(iii) the covalent adducts with water (and MeOH) take benefit
from intra- and intermolecular H-bond interactions [72]. As a
result of this stabilization, the catalytic efficiency of these cova-
lent adducts is reduced. On the contrary, the covalent adduct with
THF (15b), although in minor concentration with respect to its
isomer 16b, is free to perform its role of initiator of the oligomer-
ization process, just for the lack of other stabilizing interactions.

3.5. lonization promoted by THF

When CD;,Cl, solutions containing the adduct between 2;
and THF (14b) were treated further with THF, at 183 K, the
unexpected formation of ionic species occurred, as revealed by
conductimetric titrations. A detailed analysis of the NMR spectra
[74] allowed us to recognize that the main products were two
ionic species, namely the cation [Ar,B(OH»),]* and the anion
[Ar¢B303H>]7, i.e. deprotonated 2; (17 and 18, respectively, in
Chart 7).
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The four '°F para resonances, in the ratio 1:1:2:2, observed
for the anion [ArgB3O3H;] ™ indicate a Cs symmetry, at variance
with 2 or its adducts exocyclically H-bonded.

Many pieces of evidence support the (surprising) formulation
of the cation [74]. Moreover, '"H NOESY and ['’F-'H] HOESY
experiments suggested close proximity of THF to the cation. The
downfield position of its protonic resonance (§ 13.4) shows that
the interaction occurs by H-bonding.

Ar, ,Ar
Hc\ B"-.O/ c
/ \ _Ar
Ar__-O__ _Ar AP -
Ar/B B(Ar Ar R P~ Ar
12 H(O_Hawo‘R
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b ROR’ = THF
¢ ROR’ = MeOH
Chart 6.

Ions 17 and 18, even at low temperature in CD,Cl, constitute
a loose ion pair. Indeed, no dipolar correlation was detected
between the 'H or '°F signals of 17 and the °F resonances of
18. This is probably ascribable to: (i) the high delocalization
of the negative charge in the anion 18; (ii) steric hindrance,
which prevents a close approach of 17-18; (iii) the relatively
high dielectric constant of CH,Cl, at low temperature [80], that
favours ion separation. No ionization was observed by treating
2 either with HyO or MeOH. This is due both to the higher
Brgnsted basicity of THF [81] and the low concentration of the
key adducts of type 14 in the reaction conditions.

3.6. Intra- and intermolecular dynamic processes in
(CsF5),BOH and its derivatives

As already pointed out in the above survey, most of the species
observed in solution are involved in intra- and intermolecular
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Fig. 17. Variation of the integrated intensities of trimeric species (2; and its
adducts) during the titration of 2 with bases (the overall intensity of trimeric and
monomeric species set to 100).
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exchange processes. In compounds containing tri-coordinated
boron atoms, the partial double bond character of the B—O inter-
action makes the rotation around this bond hindered. Instead
rotation of the perfluoroaryl rings around the B—Cjps, bond is
free in the majority of these compounds, but in the adducts with
bases of the cyclic trimer 2;.

The behaviour of the adduct with THF (14b) was investigated
in detail [74]. Its low temperature 19 spectra (Fig. 19a) indi-
cated a Cy symmetry. A series of 2D correlation experiments at
low temperature (Fig. 19 b—d) provided the structure shown in
Figs. 19 and 20a. Close !°F- - .!%F and 'H. - -!1°F contacts were
detected in the 2D dipolar (and scalar) correlation experiments.
Actually, PM3 computations showed that the insertion of a THF
molecule in the pocket between the phenyl groups A and A’ of
Fig. 20a distorts trimer geometry and leads to a more stiff con-
formation. Analogous close H- - -F contacts have been observed
in all the other trimeric adducts of type 13 or 14, and their OH
signals usually appear as multiplets.

EXSY experiments performed at different titration steps
revealed intermolecular exchange between 14b and 2, (Fig. 20b).
The values of the kinetic constants (obtained from the same
EXSY experiments) increased roughly linearly with trimer
concentration, with a non-zero intercept, showing that both dis-
sociative and associative mechanisms contribute to this process
[74].

On increasing the temperature, broadening and coalescence
of all the °F resonances of 14b occurs, leading to a single set of
averaged signals indicative of an apparent D3, symmetry. This
implies the occurrence of three different dynamic processes: (i)
the flopping of the cycle conformation, leading to equalization
of the A/B rings of Fig. 20a; (ii) the rotation of the aromatic rings
around their boron—carbon bonds, equalizing the ortho and meta
positions within each ring; and then (iii) the exchange of THF
among the three OH groups, leading to equalization of ring C
with both A and B rings (Fig. 20c). Kinetic constants could be
obtained from the cross-peak volumes for the para resonances
only, and therefore the rate of process (ii) could not be deter-
mined. The invariance of the rate constants of process (i) in
the titration course, agrees with the intramolecular nature of the
cycle flopping process. On the contrary, the rate of the exchange
of ring C with rings A and B was negligible at the begin-
ning of the titration, then increased significantly, showing that
process (iii) (THF migration) occurs by a bimolecular process
(Fig. 20b—c).

The intramolecular dynamical behaviour of the adduct 14b
contrasts sharply with that of 2;, which exhibits an apparent
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D3 symmetry also at the lowest temperatures, in spite of the
C, symmetry observed in the solid state. PM3 computations
accounted for this behaviour [74], showing the existence of a
low energy path for a pseudo rotation of the trimeric ring which
exchanges C» and Cs conformers, and, interchanging rings C
with rings A and B, produces the observed apparent D3y sym-
metry. This path is obviously forbidden for the adducts with
bases.

The increased steric crowing among the different rings,
resulting from the “insertion” of the THF molecule in 14b, is
likely responsible also for the freezing of the rotation around
the B—Cjpso bonds, which on the contrary is free in 2. Similar
hindrance is observed at very low temperature also in trimeric
adducts 13 [68,72].

For adducts 13 fast intramolecular proton transfer along the
hydrogen bond takes place. In 13a, it was possible to (partly)



T. Beringhelli et al. / Coordination Chemistry Reviews 252 (2008) 2292-2313

(b)

(a)

2309

Ad C4 B4
2t
. (ppm)
o © ° O :—-154.4
o o O . :_ 153.6
s} o 5 0 :—-152.8
O o © 0 :—-152.0

(ppm) -152.0 -152.8 -153.6 -154.4

0
O
0

O

O

(ppm) -1520 -152.8 -153.

6 -154.4

Fig. 20. (a) Stick model of adduct 14b; para regions of YEEXSY experiments (183 K, CD,Cly, 7y, =0.15 s) performed on a solution of 2 treated with THF showing:
(b) after 0.18 equivalents the intermolecular exchange of 14b with 2; and the intramolecular exchange between rings A and B in 14b; (c) after 0.33 equivalents the

increase of the rate of the exchange involving ring C.

freeze this process (in an overcooled sample), thus showing that
the B(H)O- - -H- - -O(H)B hydrogen bond is not symmetrical and
the Cyy symmetry, observed even at 183 K, is apparent [68].
Moreover as noted above (see Section 3.3) adduct 13a is labile
and borinic fragments exchange with 2,,. The two chain ter-
minals generated by the proton transfer are identical, and the
cross-peak volumes in 'F EXSY experiments revealed that the
aryl rings of the terminal Ar,BOH units exchange with 2, at
higher rate than those on the internal unit [68].

4. The diagnostic value of some NMR parameters

Chemical shifts, J couplings, and, in some instances, relax-
ation times are the fundamental NMR parameters for the
characterization of unknown species in a chemical mixture.

For the systems described here, the use of relaxation time
measurements was hampered by the individual existence of
some species only in a restricted range of temperatures and most

of all by the occurrence, even at low temperature, of intermolec-
ular exchange processes, that averaged the relaxation rates. Only
in the case of the (slow) equilibrium between the monomeric and
trimeric borinic acid, are the relaxation data diagnostic.

The coupling data more relevant for the structure determi-
nation in these systems do not come from the normal “through
bond” coupling, but instead, from the “through space” coupling.
The congested geometry of many derivatives brings in spatial
proximity both fluorine atoms belonging to different aryl rings
(on the same or on adjacent boron atoms), and fluorine/hydrogen
atoms. In this latter case, sometimes the 'H signals change their
multiplicitiy on varying the temperature as a result of dynamic
processes. “Through space” 'H/'F couplings generally involve
the ortho fluorine atoms and this interaction is, sometimes,
apparent also in the high-field shift of the fluorine resonances
[82].

Some more detailed comments will be devoted to the infor-
mation provided by the chemical shifts.
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4.1. The chemical shift of the H-bonded protons

A feature typical of 'H low temperature spectra of the solu-
tions containing borinic acid and bases is the presence of several
signals at very low field, indicative of strong hydrogen bonds.

The resonances at the lowest fields are those of the trimeric
adducts 13, in which the H-bond connects the two opposite ends
of an open oligomer, giving an octa-atomic ring: §=18.6 and
17.0 for 13a and 13c, respectively [72]. The highest § value is
observed for the more symmetrical interaction, as expected.

Within the series of trimeric adducts 14, exhibiting an exo-
cyclic 2¢-base interaction, the order of downfield shift of the
H-bonded resonance nicely correlates with the H-bond basicity
[77] of the bases (and then with the H-bond strength): § =14.4,
13.6 and 12.8 for THF, methanol and H,O, respectively. The
higher § values found for the corresponding adducts 13, con-
taining the “endocyclic”” hydrogen bond, agree with the expected
greater strength of their hydrogen bonds, due to the higher sym-
metry of the moieties sharing the proton.

4.2. The separation between the meta and para '°F
resonances

In perfluoroaryl boranes '°F NMR can provide a reliable (and
often more easily accessible than ! ' B) probe of the coordination
around boron atoms [11,83]. Indeed the separation between the
meta and para '°F signals (Admp), which is large for neutral
tri-coordinated boron compounds, progressively decreases on
going to neutral tetra-coordinated boron centres and to anionic
borates, due to the upfield shift of the para resonance(s), result-
ing from the shielding caused by the increased electron density
on the boron atom. A rough empirical correlation between this
parameter and ''B chemical shift has also been previously evi-
denced, for the sensitivity of both the parameters to the electron
density on the boron atom [11]. The data reported in Table 1 and
depicted in Fig. 21a and b show that similar correlations nicely
hold also for the compounds described here.

Actually, the prototypical trigonal species BAr3 has the high-
est meta-para fluorine separation (Adp p 20) together with the
lowest field ''B chemical shift. The decrease of the values of §
1B and of Adm,p on passing from BAr; to monomeric borinic
acid and methyl borinate [72] agrees with what was previously
observed on passing from BAr3 to pentafluorophenate esters
Arz_,B(OAr), (n=1, 2) [66] and it is possibly related to the
oxygen-to-boron m-donation.

Coordination of bases, either to BAr3 or to Ar,BOH, lowers
Admp (to values in the range 6-8 ppm, as previously reported
for analogous species [11]), and shifts the !' B resonances (when
available [84]) at § typical for tetra-coordinated boron.

The trimeric form of borinic acid, its adducts with bases (14)
and also the trimeric oligomers 13, all show Adp,, of about
9 ppm. The only !'B signal available is that of 2¢, which lies in
the tetra-coordinated boron group, as above mentioned.

Formal and real anionic charge on the boron atom decreases
Adpp, but the extent of such reduction depends also on the
number of boron atoms and of aryl rings that delocalize the
electron density. Interestingly among mono-boron anions such

Table 1
Differences in chemical shifts between the meta and para fluorine atoms (Ady, )
and ''B chemical shifts of the compounds here described

Compound Admp F* (ppm) 1B NMR® (ppm)
1 20.1 60.0
2m 13.7 43.8
2t 9.7 8.4
3a 5.0 —13.7
3b 5.0 —13.9
3c 4.8 —13.6
4 22
5b 7.7 -35
5¢ 75 —8.25
5d 6.7
e 6.1
5f 7.0 —-0.79
5g 7.9 -3.6
5h 7.6
6a 8.8 4.16
6b 8.1
6c¢ 7.5
7 4.8 —4.4
8 5.2 —0.63
9 5.6
10 5.1

9.1
Ar3;B~(CH,CH=N*Et,) 4.6 —14.0
11 3.7 —24.4
12 15.4 40.1°
13a 9.4
13c 9.1
14b 9.1
14c 9.2
Ar,B(OMe) 12.14 40.7¢
17 6.6
18 6.2

2 The averaged values were considered in the case of inequivalent aryl rings.
b Boron data, when available, were obtained at room temperature.

¢ From ref. [60].

4 From ref. [72]. The °F data are comparable with those reported in ref. [67].

as [ArsBOH] ™, [Ar3BH]™ [85,86] and [MeBAr3]~, the high-
est Adyp (4.8, 3.7 and 5.0, respectively) are found when they
form close ion pairs [87]; instead the lowest Adp, p (2.2) is found
for [MeBAr3]~, when it is the loose counterion of the dimeric
metallocene cations [17,28b]. This is in line with that observed
by Horton and de With [88], who proposed that the value of
Adm p can be used to prove the existence of ion pairing between
organometallic cations and [RBAr3]™ anions, since the delocal-
ization of the negative charge in tight ion pairs shifts downfield
the '°F para resonance: values of Adm p lower than 3 ppm were
taken as indicative of absence of interaction.

Nevertheless, the dinuclear anions [Ar3;B(pn-OH)BAr3]™ and
[Ar;B(H)OH- - -O(H)BAr3] ™, that were shown to form a loose
ion pair [48], have values of Ady, , greater than 3 ppm (8 5.2 and
5.6, respectively) due to delocalization of the negative charge on
two BAr;3 units.

Analogously, the anionic trimer 18 shows a para—meta sep-
aration smaller than the neutral precursor 2; but larger than
mono and dinuclear borates: Ady,p 6.2 ppm vs. 9.7 ppm for 2;
(Fig. 21a).
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Finally, it is worthwhile to observe that the criterion holds also
within a single species: the asymmetric dimeric anion [Ar3B(j.-
O)BAr;,]~, which contains both tri- and tetra-coordinated boron
centers [48], shows different values of Ady,  for the two centres
(9.1 ppm and 5.1 ppm for the BAr, and BArzmoiety, respec-
tively).

5. Conclusions

The main conclusion that can be drawn from the studies
here described is once again the tremendous effectiveness of
NMR in disclosing a huge amount of sharp detail about the
behaviour of fluoroaryl boranes in solution, in particular on their
true speciation, intramolecular mobility and dynamic associa-
tion equilibria, in several cases fully unexpected.

This information about the ‘secret life’ of these molecules
is of primary importance for a better understanding of their
basic chemical properties, but may also have relevance for
understanding/designing applications in synthesis and cataly-
sis. For instance, these studies have proved the relatively poor
Lewis acidity of borinic acid compared with BArs. This may
be of advantage in certain catalytic applications, where the
easy reversibility of bonds activation is crucial. Moreover the
importance of H-bond interactions, either in competing with
the formation of Lewis acid—base adducts or in stabilizing some
of them, has been established. Then the H-bond donor/acceptor
capability of borinic acid may be synergistic in its interaction
with substrates. Actually, hydrogen bonding is emerging as an
effective tool in metal-free organocatalysis [89,90], and there-
fore both Lewis acid—base and H-bond interactions might be
involved in the reactions catalysed by 2.
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