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ABSTRACT: Variable-temperature UV–vis,13C NMR and IR studies showed that proton-transferred complexes
were formed between phenols and amines in apolar solvents at low temperature. Upon cooling a solution ofp-
nitrophenol and diisopropylamine in toluene, the colour of the solution changed from colourless to yellow. This
thermochromism was ascribed to the proton transfer in the hydrogen-bonding complex. Under UV–vis conditions,
butylamine and imidazole also caused similar thermochromism upon complexation withp-nitrophenol, while
triethylamine, quinuclidine and pyridine did not. The thermochromic behaviour was particularly dependent on the
stoichiometry of the amine and the phenol: a solution of 3,3'-dibromo-5,5'-dinitro-2,2'-biphenyldiol and
diisopropylamine with a molar ratio of 1:1 showed no thermochromism, while solutions with 1:2 or higher ratios
showed thermochromism, indicating that excess amine is required to obtain the proton-transferred species. These
results revealed that the proton-transferred species forms in apolar solvents at low temperature if an appropriate
hydrogen-bonding network between the phenol and the amine can stabilize it. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Hydrogen bonding is one of the most important non-
covalent interactions in biological chemistry and its
properties have been the subject of intense studies. The
importance of hydrogen bonding lies not only in the
ability to form secondary and tertiary structures of
biopolymers, such as thea-helix of protein and the
double strand of DNA, but also in the ability to cause
proton transfer during enzymic catalysis. Hydrogen
bonding is a non-covalent interaction but can be readily
switched to a covalent interaction stabilizing a transition
state by proton transfer.1 This unique feature of hydrogen
bonding plays important roles in a number of catalytic
mechanisms of enzymes.2 Model systems consisting of
phenols and amines have been used to study this dual
behaviour of hydrogen bonding. Several studies3–10

showed that the proton transfer in thep-nitrophenol–
amine hydrogen-bonding complexes is more favourable
with increasing solvent polarity. In non-polar solvents, at
least two equilibria should be considered in a solution of

phenol and amine as shown in Scheme 1, where
[PhOH�NR3]solv is a normal hydrogen-bonding complex
and [PhO�HN�R3]solv is a proton-transferred hydrogen-
bonding complex.11

Zundel and co-workers12–14 reported that the proton
transfer equilibria in the hydrogen-bonding complexes
between phenols and amines are determined by their pKa

differences on the basis of their IR studies. Menger and
Bathelemy15 studied the amine–phenol proton transfer in
ethanol, particularly focusing on the effects of amine
structure. Less attention has been paid, however, to the
effects of temperature, or thermal fluctuation, on the
proton transfer equilibria in apolar solvents. To our
knowledge there have been two reports on the tempera-
ture effects on the proton-transfer equilibria. Matsuyama
and co-workers4 reported that the enthalpy change in the
proton transfer equilibrium in thep-nitrophenol–triethyl-
camine complex is negative from the van’t Hoff plot of

Scheme 1
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theequilibriumconstantsbetween5 and20°C. Diop and
Potier16 reportedthat the proton was transferredin the
HNO3–Me2SOcomplexin the solid stateatÿ180°C on
the basisof their IR and Ramanspectroscopicstudies.
Other than thesestudies,no systematicstudiesof the
temperatureeffects on the proton transfer have been
performed.This is particularly importantwhena simple
modelsystemis usedto studyhydrogenbonding,since
such a system composed of host–guest molecules
interactingthroughweaknon-covalentforcesis subject
to greaterthermalfluctuationthanthehydrogenbonding
in well-organizedmediasuchas proteins,in which the
hydrogen-bondingsites are insulated from thermal
fluctuation by the relatively rigid protein structure.In
this context, studies of hydrogen bonding at low
temperaturemay providegreaterinsight into the details
of hydrogenbondingin biopolymers.

In this paper we focus on the new aspectsof the
thermochromicbehaviourof hydrogenbondingbetween
phenols and amines in non-polar solvents, which
originate from the proton transfer equilibria in the
hydrogen-bondingcomplexes.We report that the stoi-
chiometryand the aminestructuregreatly influencethe
formationof theproton-transferredspecies.

RESULTS AND DISCUSSION

Effects of structures of phenols and amines on
thermochromism

Beforeinvestigatingthethermochromicbehaviour,host–
guest complexation between four phenols (1–4) and
sevenamines(5–11) wasstudied.UV–vis titration of a
solutionof p-nitrophenol(1) with diisopropylamine(5) at
25°C resultedin a decreasein theabsorbanceat 300nm
with aconcomitantincreasein theabsorbanceat328nm,
indicatingthatahydrogen-bondingcomplexbetweenthe

phenolicOH groupsandtheaminesformed.Thebinding
constantsweredeterminedby UV–vis titration, in which
the absorbancechangesin the phenol band due to
increasing amine concentrationwere monitored and
analysedby least-squarescurve fitting, assuming1:1
complex formation. The binding constantsK1 for the
amine–phenolhydrogen-bondingcomplexesare sum-
marizedin Table1. Biphenyldiol 4 showedparticularly
large binding constantsfor 5, 6 and 11. This can be
ascribedto theintramolecularhydrogenbondingbetween
the two phenolic OH groups,which will promote the
hydrogendonationability of theOH group.

Whena solutionof 9.4� 10ÿ5 M of 1 in toluenewas
cooledtoÿ80°C in thepresenceof excess0.42M of 5, a
new absorptionband appearedat a longer wavelength

Table 1. Binding constants (K1) and �max of phenol±amine
complexes at 25°C

Host Guest K1 (Mÿ1)a �max (nm) Solvent

1 5 200(10) 328 Toluene
1 5 2 (0.1) 328 Diethyl ether
1 5 10b (1) 342 THF
1 5 160(17) 410 Acetone
1 6 3000(18) 332 Toluene
1 7 190(7) 329 Toluene
1 8 570(5) 328 Toluene
1 9 1100(23) 328 Toluene
1 10 150(1) 326 Toluene
2 5 11 (0.6) 340 Toluene
2 6 230(2) 342 Toluene
2 7 5 (0.2) 338 Toluene
3 5 280(1) 298 Toluene
3 6 4600(150) 301 Toluene
4 5 > 106 340 Toluene
4 5 > 106 368 THF
4 6 > 106 340 Toluene
4 11 > 106 340 Toluene

a Standarddeviationsaregiven in parentheses.
b K1 = 63 Mÿ1 from theabsorbanceincreaseat the392nm band.
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and the solution became yellow (Fig. 1).17–19 This
spectral change was reversible: upon warming the
solution, it became colourless again. The transition
temperaturewasdependenton the host–guestcombina-
tion, thesolventandthemolar ratio of phenolto amine.
Figure2 showsplotsof theabsorbanceat382nmagainst

temperaturefor toluenesolutionsof 1 andvariousamines
5–10. A solution of 1 in toluenebecameyellow in the
presence of diisopropylamine (5) (pKa = 11.13 at
21°C),20 butylamine (8) (pKa = 10.64 at 25°C) and
imidazole (9) (pKa = 6.99) upon cooling, while that in
the presenceof quinuclidine(6) (pKa = 10.95at 25°C),
triethylamine(7) (pKa = 10.72)andpyridine (10) (pKa =
5.42)remainedalmostcolourlessevenatÿ80°C. These
results indicate that the thermochromicbehaviour is
greatlyinfluencedby theaminestructure,e.g.secondary
amine vs tertiary amine, as well as pKa value. It is
interesting to note that tertiary amines cannot cause
thermochromismevenif theyarestronglybasic.

2,6-Dimethyl-4-nitrophenol (2) behavedsimilarly.The
thermochromiccurves (absorbanceat 384nm vs tem-
perature)for the2–5and2–6complexeswerealmostthe
sameasthosefor the1–5and1–6complexesrespectively
(datanot shown).Biphenyldiols3 and4 alsodisplayed
similar thermochromicbehaviour.Figure3 showsplots
of theabsorbancemaximumof thenewlyemergingband
against temperaturefor complexesbetweenbiphenyl-
diols 3 and4 andamines5 and6 in toluene.

The 13C NMR (125MHz) studiesalsoconfirmedthe
proton transfer at low temperature.Upon cooling a
solutionof 2 (172mM) and5 (344mM) in CD2Cl2 from
25 toÿ40°C, theresonanceof C1 of 2 wasshiftedfrom
166.7to 176.6ppm,C4of 2 from 137.0to 130.2ppm,the
methyl carbon of 5 from 22.3 to 20.2ppm and the
methine carbon of 5 from 46.1 to 45.7ppm (Fig. 4).
Theseshifts are fully consistentwith the formation of
phenolateand ammonium21 and thus the proton-trans-
ferredspeciesat low temperature.

Under UV–vis conditions, triethylamine (7) cannot
causeprotontransferin 1. However,the13C NMR study
indicatedthateven7 caninduceprotontransferat much

Figure 1. UV±vis spectra of a solution of 1 and 5 in toluene
at temperatures from 20 to ÿ80°C. [1] = 9.41� 10ÿ5 M,
[5] = 4.23� 10ÿ1 M

Figure 2. Plots of absorbance at 382 nm against tempera-
ture for hydrogen-bonding complexes between 1 and 5±10
in toluene. [1] = 9.1� 10ÿ5 M, [5] = 4.1� 10ÿ1 M,
[6] = 1.8� 10ÿ2 M, [7] = 4.9� 10ÿ2 M, [8] = 1.8� 10ÿ2

M, [9] = 4.1� 10ÿ3 M, [10] = 1.5� 10ÿ2 M. Under these
conditions more than 70% of 1 was complexed with the
amines at 25°C

Figure 3. Plots of absorbance at 416 nm ([4] = 9.48� 10ÿ5

M, [5] = 1.43� 10ÿ4 M), 400 nm ([4] = 8.33� 10ÿ5 M,
[6] = 1.66� 10ÿ4 M) and 316 nm ([3] = 9.08� 10ÿ5 M,
[5] = 9.08� 10ÿ3 M) against temperature for hydrogen-
bonding complexes in toluene
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higherconcentrations.For instance,the resonanceof C1
of 2 in a solutionof 0.175M of 2 and0.350M of 7 in
CD2Cl2 wasshiftedfrom 168.5to 174.4ppmby cooling
from 25 to ÿ80°C, showing that proton transfer is
facilitated by lowering the temperature.However, it
shouldbenotedthattheconcentrationof 1 is threeorders
of magnitudegreaterthanUV–vis concentrations.Under
UV–vis conditions,no thermochromismwas observed
for tertiary amine7.

Thevariable-temperatureIR spectraof a solutionof 2
(6.02� 10ÿ2 M) and 5 (6.42� 10ÿ2 M) in CDCl3 also
supportedthe proton transfer in the complex. Below
ÿ40°C, new signalsappearedat 3070,2717,2667and
2500cmÿ1, indicating the formation of an ammonium
groupat low temperature.

Similar thermochromismwas observed for other

phenol–aminecomplexes.A solution of bromophenol
blue and pyridine in toluene was yellow at room
temperaturebut becameblue below ÿ50°C. Similar
behaviourwas seenfor both 5 and N-methylanilinein
placeof pyridine.A solutionof phenolphthaleinand5 in
toluenewascolourlessat roomtemperatureandbecame
paleredbelowÿ50°C.

Stoichiometry of proton-transferred species

Thevariable-temperatureUV–vis spectraof solutionsof
1 and 5 with variousratios of 1 to 5 indicatedthat the
thermochromismwasobservedat highertemperatureas
themolarratioof amineto phenolbecamelarger(Fig. 5).
However, the stoichiometry of the proton-transferred
species is not clear, becausethe small association
constantbetween1 and5 makesthe complexformation
incompleteunderUV–vis conditions.Sincethe binding
constantsK1 between4 and amines were large, the
biphenyldiol system was suitable to elucidate the
stoichiometryof the proton-transferredspecies.In Fig.
6 valuesof theabsorbanceat 416nm, wheretheproton-
transferredspeciesshowedan absorptionmaximum,are
plotted againsttemperature.In the presenceof 1 molar
amountof 5 a toluenesolutionof 4 did not turnyellow at
low temperature,while it turnedyellow in thepresenceof
2 or 10 molar amountof 5. Theseobservationsclearly
demonstratethat excess5 is necessaryto obtain the
proton-transferredspecies.Excess5 would interactwith
the4–5complexto stabilizetheproton-transferredstate,
probably by delocalizing the positive charge on the
nitrogenof thecomplexed5. Thebiphenyldiol4–diamine
11complexalsobehavedsimilarly. Thebindingconstant
K1 between 4 and 11 was large and the complex
formation proceedsalmostquantitativelyevenat room

Figure 4. Variable-temperature 13C NMR with complete 1H
decoupling of a solution of 2 and 5 in CD2Cl2. [2] = 0.172 M,
[5] = 0.344 M

Figure 5. Plots of absorbance at 382 nm against tempera-
ture for solutions of [1] and [5] in toluene with various [5]:[1]
ratios. [1] = 9.1� 10ÿ5 M, [5] = 4.1� 10ÿ1±2.3� 10ÿ5 M

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 737–742(1998)

740 T. MIZUTANI ET AL.



temperature.A solutionof 4 and11with a1:1molarratio
did not exhibit thermochromism,while a solutionwith a
molar ratio of 1:2 exhibitedthermochromism.Therefore
excessmolaramountsof diamine11 areagainneededto
obtain the proton-transferredspecies.Theseresultsare
bestexplainedby assumingthat the formation of a 1:2
complexleadsto theproton-transferredspecies.

Hydrogen-bonding networks and proton transfer

As describedabove,under UV–vis conditions,tertiary
aminescannotcausethermochromismof p-nitrophenol,
while secondaryand primary aminescan causeit in
tolueneprovidedthat thereis anexcessmolaramountof
amine.This suggeststhat excesssecondaryandprimary
aminescan stabilize the proton-transferredspeciesby
hydrogen-bondingnetworkformation,wheretheamines
actasahydrogendonorandform ahydrogenbondto the
Oÿ anion. For biphenyldiol, tertiary amine 6 induced
thermochromism.In this case the Oÿ anion can be
stabilizedthrough intramolecularhydrogenbonding to
thephenolicOH group.Theresultspresentedhereclearly
demonstratethat the protontransferoccursevenin non-
polar solventsif an appropriatehydrogen-bondingnet-
work can stabilize the proton-transferredstate at low
temperature.22,23

Theseresultsimply that, whena solutionwascooled
and the system becameordered,a hydrogen-bonding
network was formed in the amine–phenolcomplex,
which promoted the proton transfer. The number of
hydrogenatomsattachedto thenitrogenof theamineand
the stoichiometricratio shouldbe optimized to control
proton transferequilibria. Thesefactorscould form the
basis for a rational design of an efficient biomimetic
catalyst.

EXPERIMENTAL

Instrumentation

1H NMR and 13C NMR spectrawere recordedusing a
Jeol A-500 spectrometer.1H NMR chemical shifts in
acetone-d6 were referencedto TMS (0 ppm) and 13C
NMR chemicalshiftsin CD2Cl2 werereportedrelativeto
CD2Cl2 (53.8ppm).UV–vis spectrawererecordedon a
Hewlett-Packard 8452 diode array spectrometer
equippedwith a thermostattedcell compartmentusinga
1 cm path lengthcuvette.A cryostat(Oxford, DN1704)
was used for UV–vis spectral measurementsat low
temperatures.IR spectrawereobtainedonaPerkinElmer
System2000 FT-IR spectrometerusing a cryostatwith
KRS-5 windows and KRS-5 cells. Mass spectrawere
obtainedusinga JeolJMSHX110A spectrometer.

Materials

Unlessotherwisenoted, materialswere obtainedfrom
commercial sources. Tetrahydrofuran(THF), diethyl
ether,diisopropylamineandtriethylamineweredistilled
from sodium.Pyridinewasdistilled from KOH. Acetone
wasdistilled from K2CO3.

5,5'-Dinitro-2,2'-biphenyldiol was prepared by a
modified proceduredescribedin Ref. 24. To a solution
of 2,2'-biphenol (7.00g, 37.6mmol) in acetic acid
(20ml) was added a mixture of nitric acid (d 1.38,
5.5ml) and acetic acid (3 ml), then the solution was
stirredovernight.The reactionmixture waspouredinto
water. The precipitatewas filtered, washedwith water
anddried in vacuo. The solid wasaddedto ethanol-free
chloroformand the suspensionwassonicatedfor a few
minutes,then the solid that remainedwas collectedby
filtration. Thematerialwasrecrystallizedfrom acetoneto
give the desired product as a yellow solid (1.06g,
10.2%).1H NMR (acetone-d6): � 8.27(d, J = 3 Hz, 2H),
8.20(dd, J = 9 and3 Hz, 2H), 7.21(d, J = 9 Hz, 2H).

Synthesis of 3,3'-dibromo-5,5'-dinitro-2,2'-biphe-
nyldiol (4)

5,5'-Dinitro-2,2'-biphenyldiol (0.206g, 0.75mmol) was
dissolvedin aceticacid (16ml) at 50°C. To thesolution
wasaddeddropwise0.24g (1.5mmol) of bromine,then
the mixture was stirred for 3 h at 50°C. The reaction
mixture was stirred for a further 2 h at 80°C. After
coolingto roomtemperature,water(16ml) wasaddedto
themixture.Theyellow crystallineproductwascollected
by filtration andwashedthoroughlywith water.Recrys-
tallizationof theproductfrom ethanol–watergaveyellow
crystalsof 4, yield 0.150g (46%). 1H NMR (500MHz,
acetone-d6): � 8.495 (d, J = 3.0Hz, 2H), 8.250 (d,
J = 3.0Hz, 2H). FABMS (3-nitrobenzyl alcohol): m/z

Figure 6. Plots of absorbance at 416 nm against tempera-
ture for solutions of [4] and [5] in toluene with various [5]:[4]
ratios. [4] = 9.1� 10ÿ5 M, [5] = 9.1� 10ÿ5±9.1� 10ÿ4 M
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431(Mÿ1)ÿ, 433(M�1)ÿ, 435(M�3)ÿ. Anal. calc.for
C12H6N2O6Br2: C, 33.21%; H, 1.39%. Found: C,
33.36%;H, 1.37%.
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