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of Chemistry Cooperative effects in H-bond networks can be quantified by measuring the effect of an intramolecular H-
bond on the association constant for formation of a second intermolecular H-bond with the same
functional group. This approach has been used to quantify the cooperativity associated with the
interaction of a phosphoryl oxygen with two H-bond donors. A series of compounds that have an
intramolecular H-bond between a phosphinamide oxygen and a phenol hydroxyl group were prepared,
using substituents on the phenol to vary the strength of the intramolecular H-bond. The presence of the
intramolecular interaction was confirmed by NMR spectroscopy in n-octane solution, and titrations were
used to measure the association constants for formation of an intermolecular H-bond with perfluoro-t-
butanol in n-octane. Electron-withdrawing substituents on the phenol, which increase the strength of
the intramolecular H-bond, were found to decrease the strength of the intermolecular H-bond between
the phosphoryl oxygen and perfluoro-t-butanol. The results were used to determine the H-bond
acceptor parameters for the phosphinamides, 8, and there is a linear relationship between the values of
6 and the H-bond donor parameter of the phenol involved in the intramolecular H-bond, «. The slope of
this relationship was used to determine the cooperativity parameter (k = —0.82), which quantifies the

negative allosteric cooperativity between the two H-bonding interactions. Polarisation models for
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Accepted 18th March 2026 cooperativity in H-bond networks would predict positive cooperativity for this system, due to an increase

in the polarity of the phosphorus—oxygen bond. The observation of substantial negative cooperativity
DOI: 10.1039/d65c01693f . .
suggests that the effects observed are due to secondary electrostatic interactions between the two H-

rsc.li/chemical-science bond donors that make through-space repulsive interactions with one another.

examples of three-component networks where a central func-

Introduction : .
tional group forms two H-bonds. Alcohols (Fig. 1a) and

H-bonding is one of the most important non-covalent interac-
tions and plays a major role in determining the relationship
between chemical structure and functional properties in
natural and synthetic systems, from biomolecules to
materials.**® Although quantitative predictions of the thermo-
dynamic properties of pairwise H-bonding interactions can be
achieved using parameters that describe the properties of the
two interacting molecules in isolation,” the cooperativity
present in H-bond networks adds a layer of complexity. When
more than one H-bond can be formed with the same functional
group, the first binding event can dramatically modify the
interaction strength at the second binding site.'® Quantitative
prediction of the thermodynamic properties of molecular
ensembles that contain H-bond networks therefore remains
a challenge for theory.

Experimental measurements on simple supramolecular
model systems provide an ideal platform to collect quantitative
data for benchmarking theoretical models. Fig. 1 illustrates

Yusuf Hamied Department of Chemistry, University of Cambridge, Lensfield Road,
Cambridge CB2 1EW, UK. E-mail: herchelsmith.orgchem@ch.cam.ac.uk

© 2026 The Author(s). Published by the Royal Society of Chemistry

secondary amides (Fig. 1c) can interact with a H-bond donor (D)
and a H-bond acceptor (A), and positive cooperativity is
observed between the two interactions.’*?* Primary anilines
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Fig. 1 Cooperative H-bond networks. (a) Interaction of an alcohol
with a H-bond donor (DH) and a H-bond acceptor (A). (b) Interaction
of a primary aniline with two H-bond acceptors. (c) Interaction of
a secondary amide with a H-bond donor and a H-bond acceptor. (d)
Interaction of a phosphoryl group with two H-bond donors.
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Fig. 2 Interaction of a H-bonded phosphoryl group (green) with
perfluoro-t-butanol (dark blue). X is a substituent that modulates the
H-bond donor properties of the phenol intramolecular H-bond donor
(light blue).

(Fig. 1b) can form a doubly H-bonded complex with two
acceptors, and in this case, negative cooperativity is observed.*

Here we investigate cooperativity in the H-bonding proper-
ties of the phosphoryl group (Fig. 1d), which can form a doubly
H-bonded complex with two donors.

The approach is illustrated in Fig. 2. The strength of the
intramolecular H-bond between the phenol hydroxyl group and
phosphoryl oxygen H-bond acceptor can be varied by changing
the X substituent. The effect of the intramolecular H-bond on
the strength of the intermolecular H-bond formed with a good
H-bond donor (perfluoro-t-butanol, PFTB) can be quantified by
measuring the association constant for formation of the 1:1
complex (K). The methylene spacer ensures that through-bond
electronic communication between the phenol and phosphi-
namide groups is minimised, so that any substituent effects on
the association constant are transmitted by the intramolecular
H-bond.

Results
Synthesis

The experiment in Fig. 2 requires a set of phosphinamides
equipped with different phenol derivatives. Phosphinamides 2-
7 in Fig. 3 each have a phenol group that could make an
intramolecular H-bond with the phosphoryl group. Compound
1 was used as a reference phosphinamide that cannot make an
intramolecular H-bond, and compounds 8-13 were used as
reference phenols that cannot make an intramolecular H-bond.

Scheme 1 shows the synthetic route to phosphinamides 2-7.
The hydroxyl group of the corresponding 2-hydroxybenz-
aldehyde derivative (14-19) was first protected with either a tri-
iso-propylsilane (TIPS) or a p-methoxybenzyl (PMB) group, and
then reductive amination with n-hexylamine was used to obtain
the secondary amine (20-25). Coupling the secondary amine
either with chlorodiphenylphosphine, followed by oxidation
with hydrogen peroxide, or with chlorodiphenylphosphine

oxide gave the corresponding phosphinamide, and

9, pn OH Q , 2X=OMe OH  8X=OMe
R. R’ R 3X=tBu 9 X = tBu
N h N"Ph 4X=H 10X=H
R R 5X=Br 11X =Br
1 ) 6 X=CF, ) 12X = CF3

7X=NO, 13X = NO,

Fig. 3 Chemical structure of phosphinamides 1-7 and reference
phenols 8-13. R = n-hexyl.
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Scheme 1 Synthesis of compounds 2-7. R = n-hexyl.

deprotection of the phenol group gave compounds 2-7. Simi-
larly, phosphinamide 1 was synthesised by coupling di-n-hex-
ylamine with chlorodiphenylphosphine oxide (see SI for
details). Compounds 8-13 were commercially available.

Intramolecular H-bonding

Table 1 shows 'H and *'P NMR chemical shifts measured for
compounds 1-13 in deuterochloroform. For compounds 2-7,
the signal due to the phenol OH group is shifted downfield by
more than 5 ppm compared with the corresponding reference
phenol 8-13 with the same X substituent (Adoy). Similarly, the
3P NMR signal for compounds 2-7 is shifted downfield by more
than 6 ppm compared with the reference phosphinamide 1
(Adp). These large differences in chemical shift are character-
istic of formation of an intramolecular H-bond between the
phenol OH group and the phosphoryl oxygen, as shown in
Fig. 2."* Moreover, the magnitude of the difference in chem-
ical shift depends on the X substituent. The largest chemical
shift differences were observed for the most electron-
withdrawing X substituents, and the values correlate with the
H-bond donor parameter («) of the corresponding reference
phenol (R*> = 0.96 for Adoy, and 0.99 for Adp, see SI). These
observations indicate that the properties of the intramolecular
H-bond in compounds 2-7 depend on the H-bond donor
properties of the phenol OH group.

Intermolecular H-bonding

The interaction of phosphinamides 1-7 with PFTB was inves-
tigated by NMR titrations in n-octane solution. NMR dilution
experiments showed no evidence of self-association of these
compounds at millimolar concentrations in n-octane (see SI).
Fig. 4 shows the "H NMR spectra of compounds 2-7 recorded in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1 H and 3!P NMR chemical shifts (ppm) measured in deuterochloroform at 298 K compared with the phenol H-bond donor parameter o

Phenol Phosphinamide
X Compound a Oon/Ppm Compound Oon/Ppm Op/ppm Adon/ppm°© Abp/ppm?
— — — — 1 — 30.6 — —
OMe 8 3.7 4.5 2 9.7 36.7 5.2 6.1
t-Bu 9 3.6 4.6 3 9.9 36.8 5.3 6.2
H 10 3.8 4.7 4 10.0 37.1 5.3 6.5
Br 11 4.1 4.7 5 10.4 37.8 5.7 7.2
CF; 12 4.3 5.0°7 6 11.0 38.4 5.8 7.8
NO, 13 4.7 5.5 7 11.8 39.4 6.3 8.8

“ Value from ref. 24. ” Value from ref. 25. ° Difference between the o values measured for compounds 2-7 and the corresponding phenol with the
same X substituent 8-13. ¢ Difference between the 6, values measured for compounds 2-7 and compound 1.

n-octane, and the chemical shifts of the signal due to the phenol
OH proton are practically identical to those measured in deu-
terochloroform solution (see Table 1). Very large differences
between the *'P NMR chemical shift of compound 1 and the
other phosphinamides were also observed in n-octane solution
(see SI), which confirms that the intramolecular H-bond
between the phenol OH and the phosphoryl oxygen observed
in deuterochloroform is also present in n-octane.

NMR titration experiments were carried out with phosphi-
namides as the host and PFTB as the guest in n-octane at 298 K.
Fig. 5 shows the data for titration of PFTB into 4 (see SI for the
other phosphinamides). Addition of PFTB led to a large increase
in the chemical shift of the *'P signal (Fig. 5a), which is char-
acteristic of formation of an intermolecular H-bond between
the PFTB OH group and the phosphoryl oxygen. The largest
change in "H NMR chemical was observed for the signal due to
the phenol OH, which moved more than 1 ppm upfield on
addition of PFTB (Fig. 5b). This decrease in chemical shift is
consistent with a decrease in the strength of the intramolecular
H-bond in the 1:1 complex formed with PFTB. When a large

excess of PFTB was added, the signal due to the phenol OH
proton started to increase in chemical shift, and this change in
direction is indicative of a weak second binding event. The
titration data fit well to a 2:1 binding isotherm with a high
affinity first binding event (K; = 1590 M ') and low affinity
second binding event (K, = 26 M~ ") (Fig. 5¢).>°

Similar behaviour was observed for the other phosphina-
mides, and the titration data fit well to a 2 : 1 binding isotherm
in all cases (see SI for details). The association constants for
formation of the 1: 1 complexes (K;) are summarised in Table 2,
and the stepwise association constant for formation of the 2:1
complex (K,) was less than 40 M~ " in all cases. The association
constant for formation of the 1-PFTB complex was too large to
be determined accurately, but the NMR titration data can be
used to place a lower limit of 10 M~ on the value (see SI). In
other words, the association constants in Table 2 measured for
the phosphinamides that have an intramolecular H-bond are at
least an order of magnitude lower than the value for the refer-
ence phosphinamide that does not have an intramolecular H-
bond. This result suggests that there is strong negative

OH
2 X=0OMe . )\ Al
OH
3 X=tBu \ I A oy
OH
4 X=H | f\ I\ A WL A
OH
5 X=Br I} f\ f\ Wk
OH
6 X=CF, |
OH
7 X=NO, I
135 130 125 120 115 110 105 100 95 90 85 80 75 70 65
8 (ppm)

Fig. 4 H NMR spectra of compounds 2—7 (0.5 mM) in n-octane at 298 K recorded with WET solvent suppression.
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Fig. 5 NMR titration data for addition of PFTB to 4 (0.5 mM) in n-
octane at 298 K. (a) Partial 162 MHz P NMR spectra with increasing
concentration of PFTB bottom to top. (b) Partial 400 MHz *H NMR
spectra recorded with WET solvent suppression and increasing
concentration of PFTB bottom to top (the proton labelling scheme is
shown). The signal at 8.5 ppm is due to an impurity in the solvent. (c)
Best fit of the titration data to a 2 : 1 binding isotherm (K; = 1590 M,
K, =26 M%).26

cooperativity between the two H-bonds made with the oxygen of
the phosphoryl group in the PFTB complexes of compounds 2-7
(see Fig. 2). The substituent effects on the values of K; listed in
Table 2 support this conclusion. Electron-withdrawing X
groups, which increase the H-bond donor parameter of the
phenol OH group (« values in Table 1) and increase the strength
of the intramolecular H-bond, lead to a decrease in the strength
of the intermolecular H-bond, i.e. lower values of K;.
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Table 2 Association constants (Ki/M~Y) for formation of 1:1
complexes with perfluoro-t-butanol measured by NMR titrations in n-
octane at 298 K and H-bond acceptor parameters (8) calculated using
egn (1) “

X Compound K/M™! 8

— 1 — 10.7°
OMe 2 1640 + 260 7.2
t-Bu 3 1650 + 440 7.2
H 4 1730 £ 170 7.2
Br 5 910 £ 170 6.8
CF;3 6 730 £ 60 6.6
NO, 7 490 + 150 6.4

“ Each titration was repeated at least three times, and the average values
are reported with errors at the 95% confidence 11m1t H-bond acceptor
parameter determined by UV-vis titration of compound 1 into 4-phenyl
azophenol in n-octane at 298 K (see SI for details).

The limiting complexation-induced changes in chemical
shift for formation of the 1:1 complexes with PFTB are
summarized in Fig. 6. In all cases, there is a 3-5 ppm increase in
the chemical shift of the *'P signal, which is indicative of
formation of an intermolecular H-bond between the phosphoryl
oxygen and the OH group of PFTB. There is a consistent
decrease of 1.6 ppm in the chemical shift of the signal due to
the phenol OH group in the 1 : 1 complexes, which suggests that
the intermolecular H-bond competes with the intramolecular
H-bond to some extent. However, it is clear that the intra-
molecular H-bond is intact in the 1:1 complexes, because the
chemical shifts of the signals due to the phenol OH groups in
the 1: 1 complexes are 3-5 ppm higher than the chemical shifts
observed for the reference phenols that do not make intra-
molecular H-bonds. These observations are consistent with
negative cooperativity that leads to mutual weakening of the two
H-bonds in the 1:1 complex.

The 2:1 complexes are less well-characterised, because
saturation is not reached in the binding isotherm (less than
50% bound for the second binding event in most cases).

OH o- 0.04
0.0!

005 1t ’ 5 1
B 0.06 B 0.06
-0.01 N 29_5© 0.00 N"3.22
0.01 605 R 0.03 6.05 R @
+Bu

4 5
oS 0m Gy, ot g0 oo,
006 'P'—@o 07 0% b 0.06
0.02 N4 04 004 N“4q
0048 24 03 R @ 0048 2 02 R @
CF, NO,

o
~

Fig. 6 Limiting complexation-induced changes in chemical shift (Ad/
ppm) for formation of 1:1 complexes between phosphinamides 2—-7
and PFTB in n-octane. *H NMR signals shown in black, and 3P NMR
signals shown in red.
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Fig. 7 Limiting complexation-induced changes in chemical shift (Ad/
ppm) for formation of 1:2 complexes between phosphinamides 2—-7
and PFTB in n-octane. *H NMR signals shown in black, and 3P NMR
signals shown in red.

Nevertheless the limiting complexation-induced changes in
chemical shift for formation of the 2:1 complexes with PFTB
can be used to deduce something about the site of the second
binding interaction (Fig. 7). There is an increase of 0.3-1.6 ppm
the chemical shift of the signal due to the OH group and an
increase of 1.9-3.3 ppm the chemical shift of the *'P signal on
binding the second equivalent of PFTB. These observations
suggest the second binding event leads to an increase in the
strength of the intramolecular H-bond in the 2:1 complex
compared with the 1:1 complex. The second largest change in
"H NMR chemical shift is observed for the signal due to the CH
proton ortho to the OH group (+0.1 ppm), which suggests that
the second PFTB forms a H-bond with the oxygen acceptor of
the phenol OH group (Fig. 8). As we have shown previously, such
interactions between hydroxyl groups increase the polarity of
the phenol H-bond donor, which would lead to an increase in
the strength of the intramolecular H-bond with the phosphoryl
group.lf)fll

The cooperative effect of the intramolecular interaction on
the H-bond properties of the phosphoryl oxygen can be quan-
tified by converting the association constants in Table 2 to H-
bond acceptor parameters, 3, using eqn (1).

AG/kJmol ' = —RTInK, = —(a — ag)( — Bs) + 6 (1)

where «g and s are the H-bond parameters of the solvent (ag =
1.2 and 85 = 0.6), and « is the H-bond donor parameter of PFTB
(. =4.9).172

o FsC
A FsC.|_CF
Fac\FCFQ 8 ﬁ’ 8
1§ e
H H
o 0
.P=Ph
N bh
R

X

Fig. 8 Possible structure of the 2:1 complexes formed with PFTB in
n-octane.
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Fig. 9 Relationship between the H-bond acceptor parameters of
phosphinamides 2-7, g(phosphinamide) in Table 2, and the H-bond
donor parameters of the corresponding reference phenols 8-13,
alphenol) in Table 1. The best fit line is y = —0.82x + 10.2 (R? = 0.96).

Fig. 9 shows that there is a linear relationship between the
value of 8 measured for compounds 2-7 (Table 2) and the value
of « for the corresponding reference phenols 8-13 (Table 1). The
slope of the best fit line defines the cooperativity parameter, ,
which is —0.82 (eqn (2)).*

B = Bo + kap (2)

where (, is the H-bond acceptor parameter of a free phosphi-
namide, § is the H-bond acceptor parameter of a phosphina-
mide that is H-bonded to a second H-bond donor, which has
a H-bond donor parameter «p, and « is a functional-group-
specific parameter that quantifies the sensitivity to coopera-
tive effects.

Although there is a significant extrapolation involved, the
intercept of the line of best fit in Fig. 9 is close to the value of 3,
that can be estimated using the value measured for compound 1
(10.7). The cooperativity parameter measured for the phos-
phoryl oxygen, «, is large and negative. A negative value indi-
cates negative cooperativity, i.e. the two H-bonds formed with

positive negative
cooperativity cooperativity
v d v d
| -— |-
D.: A A A
H., H Hoy
k =+0.33 CI) ’?‘ k=-0.10
R R
x=+0.20 . 4 ., x=-082
D R A i~
N D..: :.D
Ho, oA H H, H
; P
AN

Fig. 10 Comparison of the cooperativity parameters k measured for
formation of two H-bonding interactions with different functional
groups and the distance between the two donor and/or acceptor sites
(d).
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the phosphoryl oxygen are mutually destabilising. The magni-
tude of « is large enough to change the H-bond properties of
a H-bonded phosphoryl oxygen from one of the best H-bond
acceptors with a @ value at the top of the H-bond acceptor
scale to a mid-range H-bond acceptor that resembles a carbonyl

group.

Conclusions

Compounds with an intramolecular H-bond between a phos-
phinamide oxygen and a phenol hydroxyl group have been used
to investigate the effect of cooperativity on the H-bond acceptor
properties of the phosphoryl oxygen. Downfield changes in the
"H NMR chemical shift of the phenol hydroxyl group and in the
3'P NMR chemical shift of the phosphoryl group were used to
confirm the presence of an intramolecular H-bond in n-octane
solution. *H and *'P NMR titration experiments showed that
perfluoro-t-butanol (PFTB) binds to the phosphoryl oxygen to
form a 1:1 complex, in which the phosphoryl oxygen forms an
intramolecular H-bond with the phenol H-bond donor and an
intermolecular H-bond with the PFTB H-bond donor. The
association constants for formation of 1:1 complexes were
measured for a series of phosphinamides in which the strength
of the intramolecular H-bond was varied using polarising
substituents on the phenol. Electron-withdrawing substituents,
which increase the strength of the intramolecular H-bond, were
found to decrease the strength of the intermolecular H-bond
between the phosphoryl oxygen and the PFTB.

The results were used to determine the H-bond acceptor
parameters for the phosphinamides, §, and there is a linear
relationship between the values of § and the H-bond donor
parameter of the phenol involved in the intramolecular H-bond,
a. The slope of this relationship was used to determine the
cooperativity parameter (k = —0.82), which quantifies the
negative allosteric cooperativity between the two H-bonding
interactions. The magnitude of « for the phosphoryl oxygen is
much larger than the values measured previously for the
negative cooperativity involved in the interaction of two accep-
tors with primary anilines (xk = —0.10) and the positive coop-
erativity involved in the interaction of a donor and an acceptor
with alcohols and secondary amides (x = +0.33 and +0.20
respectively).'>>

Cooperative effects are a common feature of H-bonded
networks involving multiple interactions, and the measured
values of k are summarised in Fig. 10. One interpretation of the
positive cooperativity observed in H-bonded networks involving
alcohols and secondary amides is that formation of the first H-
bond leads to polarisation of the functional group, and this
increase in polarity stabilises the second H-bond. The experi-
ments described here show that formation of a H-bond to
a phosphoryl oxygen substantially weakens the second H-bond
formed by the oxygen with a second H-bond donor. In this case,
polarisation of the phosphorus-oxygen bond by the first H-
bond would lead to a more negative oxygen and an increase
in the strength of the second H-bond. Although polarisation
may play a role, it is clear that this is not the major effect
operating in this system. A more likely explanation for the

9614 | Chem. Sci, 2026, 17, 9609-9615
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observed results is that there is a significant through-space
electrostatic repulsion between the two H-bond donors that
point towards one another in the doubly H-bonded complex.
This effect is likely to play a major role in the cooperativity
observed for alcohols and anilines, whereas the donor and
acceptor are too far apart to make direct electrostatic interac-
tions in the secondary amide system (Fig. 10). Bond polarisation
is likely the most important factor governing cooperativity in
secondary amides. For the other functional groups, Fig. 10
shows that there is a correlation between the measured values
of k and the distance between the two donor and/or acceptor
sites. The large value of k observed for the phosphoryl oxygen
probably stems from the close approach of the two H-bond
donors, which leads to larger electrostatic interactions than in
the other functional groups.
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