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The interactions of the O—H bonds in alcohols, water and phenol
with dimethylxanthene-derived frustrated Lewis pairs (FLPs) have
been probed. Within the constraints of this backbone framework,
the preference for adduct formation or O—H bond cleavage to give
the corresponding zwitterion is largely determined by pK, con-
In the case of the PPh,/B(CgFs), system and
p-'BuCgH,OH, an equilibrium is established between the two iso-
meric forms which allows the thermodynamic parameters associ-
ated with zwitterion formation via O-H bond cleavage to be
probed.

siderations.

In recent years, frustrated Lewis pairs (FLPs) have emerged as
an attractive new approach in the fields of small molecule acti-
vation and catalysis;" reports of the use of FLPs in the hetero-
lytic cleavage of dihydrogen and other E-H bonds (E = C, N, O,
Si, B) continue to rise year-on-year. By extension ‘metal-free’
approaches for carrying out bond modification reactions using
FLPs have evolved from proof-of-concept to an active research
field in main group catalysis. Most notably, FLP-catalysed
hydrogenation reactions have been successfully deployed for a
wide range of functional groups, including imines, aldehydes,
ketones, alkenes and alkynes.”

We have previously shown that the dimethylxanthene back-
bone provides a versatile scaffold for intramolecular FLPs (e.g.
1a; Scheme 1); the separation between the Lewis acid and base
components typically lies between 4.0 and 4.5 A and is there-
fore pre-organised for the activation of small molecules such
as H,." Recently we also showed that FLP 1a reacts readily with
the C-H bonds in terminal alkynes and with the B-H bonds in
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selected boranes, and can act as a pre-catalyst for the hydro-
boration of alkynes.’

In terms of other E-H bonds, the interactions of FLPs with
water and O-H containing systems are important,® ' not least
because they influence strongly their sensitivity to trace impu-
rities present in commercial substrates and solvents; as a con-
sequence, it is often necessary to carry out catalytic processes
under the exclusion of moisture. Similar chemistry potentially
arises when using alcohol solutions in combination with FLPs
as alcohols can have comparable nucleophilicity/basicity to
H,0.® With these issues in mind, we set out to investigate the
reactivity of FLP 1a (and related systems) towards common
O-H bond containing substrates, namely water, alcohols and
phenols.

The reactions of FLP 1a with excess water or methanol/
2-propanol in dichloromethane result in a gradual colour
change from a bright yellow to colourless (Scheme 1 and ESI{).
The products of these reactions (2-4) can be crystallized from
dichloromethane/hexane and their solid-state structures deter-
mined crystallographically. These confirm that 1a assimilates
one equivalent of ROH (R = H (2) Me (3) or 'Pr (4)) to form the
respective O-bound adduct (Fig. 1). In each case, the ROH frag-
ment is bonded to B(1), rendering the boron centre tetrahedral
and O(2) trigonal pyramidal. The O-H proton(s) in each case
could be located in the difference Fourier map and refined
without restraints. The B(1)-O(2) distances fall in the range
1.595(3)-1.611(2) A, which are comparable to previously
reported borane adducts of water/alcohols.® ™"

ROH 2:R=H
3:R=Me
o CH.Cl, o 4:R=Pr
)
PhoP B(CgFs)2 PhoP H_ _B(CeFs)e
@
1a R

Scheme 1 Reactions of FLP 1a with water, methanol and 2-propanol.
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Fig. 1 Molecular structures of 2, 3 and 4. Parts of the FLPs are
shown in a wireframe format, and solvent molecules and most
hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at
40% probability. Selected bond lengths (A) and angles (°): 2: B1-02
1.611(2), O2-H2A 0.76(3), O2—-H2B 0.92(3), P1-H2B 2.32(3), B1-02-P1
115.7(1); 3: B1-02 1.596(2), O2-H2 0.91(2), P1-H2 2.25(2), B1-O2-P1
115.3(1); 4: B1-0O2 1.595(4), O2-H2 0.82(3), P1-H2 2.49(3), B1-O2-P1
112.4(1).

Further support for the assignment of 2-4 as simple Lewis
adducts can be obtained from solution state NMR studies. The
"H NMR spectra of 2 and 4 show broad singlets for the
O-bound proton(s) at 8.10 and 9.17 ppm, respectively.
In the case of 3, the corresponding 'H NMR signal (at
10.80 ppm) is actually a doublet, although the coupling con-
stant (Jpy = 16.8 Hz) is significantly smaller than that expected
for a direct P-H bond in systems of this type (>500 Hz;
vide infra). In similar fashion, the respective proton-coupled
3P NMR spectra feature singlet resonances in each case (at ca.
—20 ppm) rather than the wide doublet expected for a bona
fide P-H single bond. The boron centre in each adduct gives
rise to a broad signal in the "'B{'"H} spectrum in the range
characteristic of four-coordinate boron species (6g = 4.5 (2),
5.4 (3), and 3.7 ppm (4)), consistent with the solid state
structures.”

Earlier literature reports detailing the reactivity of FLPs
towards water favour heterolytic O-H bond cleavage;* "' for
example the ‘BusP/B(CeFs); system is reported to activate
one molecule of H,0 to give the phosphonium borate
[‘BusPH][(HO)B(C6Fs);].” The difference in this system com-
pared to 1a can be understood (primarily) in terms of the rela-
tive basicities of the two phosphine components. More
difficult to rationalize based on simple pK, values is the con-
trasting behaviour of 1a and 1,2-C¢H4(NPh,)}{B(C4F;5),};° the
latter has been shown to deprotonate the bound H,O molecule
(to give a zwitterionic anilinium borate) despite the fact that
systems of the type ArNPh, are typically very weak Bregnsted
bases (Scheme 2).**

Presumably, the difference relates to the presence of a
strong intramolecular N-H---O hydrogen bond (which is
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Scheme 2 O-H bond cleavage in water by Roesler and Piers’ aniline/
borane FLP.®

reported to feature an O---H contact shorter than those in
water) of a type which is precluded in the putative analogue
derived from 1a, on the basis of the greater separation of the
Lewis acid and base components. The P---O separation associ-
ated with the bound water molecule in 2 is 3.237(2) A.

Reasoning that the use of a more acidic O-H bond might
bring about O-H bond cleavage, we investigated the reactions
of 1a (and the related -PMes, derivative 1b) with phenols;
p-"BuCgH,OH was chosen given the presence of the ‘Bu group
as a convenient 'H NMR handle. Accordingly, the reaction
between 1a and excess p-'BuC¢H,OH in dichloromethane leads
to immediate discharge of the yellow colour of the FLP; fil-
tration, concentration and layering with n-hexane yielded col-
ourless single crystals suitable for X-ray diffraction studies.

The molecular structure shows that 1a reacts with one equi-
valent of the phenol to give the (O-H activated) phosphonium
borate zwitterion 5a (Scheme 3 and Fig. 2). The P-bound
proton H(1) could be located in the difference Fourier map
and refined without restraints. With the usual caveats concern-
ing the location of hydrogen atoms by X-ray methods, there
appears to be little residual interaction between H(1) and O(2)
(dH(1)-0(2) = 2.19(1) A ¢f d(P(1)-H(1)) = 1.28(2) A). The
location of the hydrogen atom at P(1) is also consistent with
the observed widening of the C-P-C angles in 5a compared to
1a itself (108.5(1)-112.6(1)° ¢f. 101.4(1)-102.7(1)°).

Intriguingly, however, a solution made by re-dissolving crys-
tals of 5a in benzene-d, features a singlet resonance in the "H
spectrum at &y = 9.69 ppm, and in the proton-coupled *'P
NMR spectrum (at §p = —13.0 ppm). These signals contrast
markedly with the wide doublet resonances typically associated
with P-H groups in systems of this sort (vide infra). In
addition, the '’F NMR signals associated with the boron-
bound C¢Fs groups in 5a are more consistent with a neutral
borane adduct RO(H)-BAr(C¢F5), than an anionic system of the
type [RO-BAr(CeFs),|”. In particular, the separation between
the resonances associated with the meta and para CF groups
(Ad,, = 6.5 ppm) is similar to those measured for water/

O O PR O O = O O
() CH,Cl, (]
€]
ArP B(CgFs)2 ArzP@H (;)B(Cst)z ArP H ~o” B(CgFs)2
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Scheme 3 Reactions of FLPs 1a and 1b with p-‘BuCgH4OH.
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Fig. 2 Molecular structures of 5a (left) and 5b (right). Parts of the FLPs
are shown in a wireframe format, solvent molecules and most hydrogen
atoms are omitted for clarity. Thermal ellipsoids are drawn at 40% prob-
ability. Selected bond lengths (A) and angles (°): 5a: B1-02 1.495(1), P1-
H1 1.28(2), O2—-H1 2.19(1), P1-O2 3.458(1), C2-P1-C16 108.1(1), C2—-
P1-C22 112.6(1), C16-P1-C22 109.3(1); 5b: B1-O2 1.498(3), P1-H1
1.39(3), O2-H1 2.31(3), P1-02 3.615(2), C2-P1-C16 106.0(1), C2-P1-
C25 116.8(1), C16—P1-C25 112.4(1).

alcohol adducts 2-4 (7.5-8.0 ppm). These observations suggest
that 5a adopts a different structure in solution to the zwitter-
ionic form seen in the solid state — namely a simple donor/
acceptor adduct akin to 2-4.

With this apparent inconsistency in mind, we carried out
variable temperature NMR measurements on 5a in dichloro-
methane-d,. Cooling the sample to 257 K results in the appear-
ance of a well-resolved doublet in the *'P NMR spectrum at
8p = —=11.9 ppm (YJpy = 554 Hz) and a change in the low-field
part of the "H NMR spectrum, with a complementary doublet
appearing at 8y = 10.48 ppm. The '’F NMR spectrum in the
low temperature limit is characterized by a reduced value of
Ab,,, (4.9 ppm), similar to that measured for the related
PMes, system (4.2 ppm) which adopts the zwitterionic O-H
activated structure under all conditions examined (vide infra).
These changes are reversible, and are consistent with an equi-
librium involving isomeric species related through O-H bond
cleavage; the solution-phase structure of 5a at low tempera-
tures resembles the zwitterion found in the solid state, while
at higher temperatures a structure similar to those determined
for adducts 2-4 predominates. A van’t Hoff analysis carried out
in CD,Cl, at temperatures in the range 259-281 K allows for
the determination of the enthalpic (AH° = —69 kJ mol™") and
entropic terms (AS® = —201 ] mol™" K™) associated with O-H
bond breakage in this equilibrium. The relatively large magni-
tude of AS° is consistent with the narrow temperature window
over which the transformation occurs, and reflects the more
ordered nature of the zwitterionic form and its influence
on the solvent sphere (presumably driven by electrostatic
considerations).

To complement these experimental studies, we also sought
to probe the thermodynamics of the two structural isomers of
5a computationally by DFT. Both the Lewis adduct and zwitter-
ionic forms were optimized using the PBE1PBE hybrid
exchange-correlation functional in combination with Def-
TZVP basis set;'” we also included a polarizable continuum
model'® (PCM, dichloromethane) to describe the difference in
optimized energies of the two isomers more accurately. The
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computed free energies show that the adduct represents the
more stable structure at 298 K, but only by 8.3 k] mol™". We
were also able to locate a transition state for the migration of
the proton at 9.2 k] mol™" in dichloromethane. These calcu-
lated values are consistent with our experimental findings and
confirm the lability of the O-H bond in 5a; proton transfer
occurs very readily and the solid-state structure is presumably
stabilised by favourable packing forces relating to its greater
degree of charge separation.

For comparison we also wanted to examine the reactivity of
p'BuC¢H,OH towards the related FLP 1b, which features
PMes, (Mes = C¢H,-2,4,6-Mes), rather than PPh, as the Lewis
basic component.” We hypothesized that the enhanced basi-
city of the phosphine donor would bias the thermodynamics
of O-H bond cleavage in favour of the zwitterionic form. The
reaction between 1b and excess p-‘BuCgH,OH proceeds
instantly and the molecular structure of the product, 5b, can be
shown by X-ray crystallography to be closely related to that of
5a (Fig. 2). Electron density close to P(1) and the geometry of
the C;P heavy atom skeleton strongly suggest the presence of a
P-H bond. Importantly - in this case - the solid state-structure
appears to be retained in solution at all temperatures. Thus,
both the proton coupled *'P and 'H spectra at room tempera-
ture feature a doublet with “Jpyy = 542 Hz (6p = —27.3 ppm; i =
9.74 ppm). Consistently, DFT structural optimisations show
that the zwitterionic form of 5b is more stable than the corres-
ponding adduct by 34.6 k] mol ™" in dichloromethane.

In conclusion, we have studied the interactions of the O-H
bonds in alcohols, water and phenol with the dimethyl-
xanthene based FLPs 1a and 1b. Within the constraints of this
particular intramolecular framework, the preference for adduct
formation or O-H cleavage to give the corresponding zwitterion
is largely determined by pK, considerations. In the case of the
1a/p-"BuC¢H,OH system, an equilibrium is established between
the two isomeric forms which allows the thermodynamic para-
meters associated with O-H activation to be probed.
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