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Complexity in Acid–Base Titrations: Multimer Formation Between
Phosphoric Acids and Imines
Christian Malm, Heejae Kim, Manfred Wagner, and Johannes Hunger*[a]
Abstract: Solutions of Brønsted acids with bases in aprotic
solvents are not only common model systems to study the
fundamentals of proton transfer pathways but are also
highly relevant to Brønsted acid catalysis. Despite their importance the light nature of the proton makes characterization of acid–base aggregates challenging. Here, we track
such acid–base interactions over a broad range of relative
compositions between diphenyl phosphoric acid and the
base quinaldine in dichloromethane, by using a combination
of dielectric relaxation and NMR spectroscopy. In contrast to
what one would expect for an acid–base titration, we find
strong deviations from quantitative proton transfer from the
acid to the base. Even for an excess of the base, multimers

Introduction
Solutions of Brønsted acids with bases have been intensively
studied as model systems to understand the fundamentals of
for example, strong hydrogen-bonding,[1–5] proton transfer
pathways,[6–8] Brønsted acid organocatalysis,[9–13] or mechanisms
of enzymatic activity.[14] In general, upon association of an acid
and a base, the proton is shared between the two molecules
and the quantum nature of the light proton results in substantial delocalization of the proton between the acidic and the
basic group.[15] This delocalization also limits the experimental
and computational methods that are suitable to study such interactions. Experimentally, valuable insight into the location of
the proton and as such the nature of the bond between the
acids and bases has been obtained from nuclear magnetic resonance (NMR) experiments at reduced temperatures.[6, 10, 14] For
specific acids and bases the information obtained using NMR
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consisting of one base and at least two acid molecules are
formed, in addition to the occurrence of proton transfer
from the acid to the base and simultaneous formation of ion
pairs. For equimolar mixtures such multimers constitute
about one third of all intermolecular aggregates. Quantitative analysis of our results shows that the acid-base association constant is only around six times larger than that for
the acid binding to an acid-base dimer, that is, to an already
protonated base. Our findings have implications for the interpretation of previous studies of reactive intermediates in
organocatalysis and provide a rationale for previously observed nonlinear effects in phosphoric acid catalysis.

ies.[4, 6, 7] To date many studies have focused on carboxylic acids
and it has been concluded that the nature of this strong bond
varies between a hydrogen-bonded complex with the proton
located in the proximity of the acid and an ion pair (full proton
transfer), depending on the chemical nature of the acid and
the base.[6]
The interaction of phosphoric acid derivatives with organic
imine bases in aprotic solvents has only in recent years received increasing attention, as these acid-base combinations
are highly relevant to the emerging field of (asymmetric) organocatalysis.[16–19] Analogously to carboxylic acids, the interaction of such phosphoric acids with various imines has been
studied using both computational[20–23] and experimental[9–12, 20, 22] methods. It has remained challenging, however, to
study complexes formed between phosphoric acids and imines
at conditions that are relevant to the catalytic process: For instance, with computational approaches the solvent is typically
approximated by a continuum[21] and NMR experiments are
mostly performed at temperatures below the reaction temperature.[9, 10, 13] We have recently shown using a combination of dielectric relaxation spectroscopy (DRS), NMR spectroscopy, and
ab initio calculations that the nature of catalyst–substrate interaction can be elucidated at catalytically relevant temperatures and in a range of molecular solvents.[11] By studying equimolar solutions of a substituted phosphoric acid and quinaldine, an aromatic heterocycle, we could show that the interaction is dominated by proton transfer from the acid to the base
and subsequent formation of ion pairs. The dissociation of
these ion pairs into free ions is correlated with a reduced enantioselectivity in the catalytic process. In contrast to some earlier
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reports,[10] the dominant formation of ion pairs as intermediates has been recently confirmed using NMR experiments.[13]
While these recent studies[9–11, 13] have advanced our understanding of the interaction between phosphoric acids and
imine bases, these studies were limited to equimolar solutions
of acids and bases. Under realistic catalytic conditions, however, only a few mole percent of acid is added as catalyst.[18] Also
computational approaches typically consider only one substrate and one catalyst molecule,[24] which limits such studies
to a single bimolecular reaction pathway. Experimentally however, there is evidence for the formation of more than one intermediate between the acid and the base.[10] In order to understand the catalytic mechanism it is vital to explore which intermediates are formed at compositions comparable to the
catalytic process. Correlating the properties of the formed intermediates to the catalytic activity has the potential to improve prediction of catalyst performance,[12, 25] as current approaches rely on the average properties of all acids and/or
bases in solution (e.g. the averaged NMR chemical shift[12, 25] or
vibrational frequencies[25]).
In order to investigate the intermediate that is the dominant
species at compositions relevant to catalysis, we herein report
a detailed study on the interaction between a substituted
phosphoric acid (diphenyl phosphoric acid, DPP) and an aromatic imine (quinaldine, Qu) dissolved in dichloromethane at
ambient temperature, which is relevant to the transfer hydrogenation reaction catalyzed by phosphoric acids (see
Figure 1).[26] By using a combination of dielectric relaxation and

Figure 1. Reaction scheme of the Brønsted acid catalyzed transfer hydrogenation. The catalyst (diphenyl phosphoric acid) activates the imine (quinaldine), followed by hydrogenation yielding tetrahydroquinaldine.

NMR spectroscopy, we particularly focus on the effect of the
ratio between the DPP and Qu dissolved in dichloromethane.
We find that at low concentrations of acid, Qu and DPP predominantly aggregate to bimolecular QuH + –DPP@ ion pairs.
With increasing concentration of DPP, multimers (e.g. QuH +
–DPP@–DPP) are formed to a significant extent and for the
commonly studied equimolar samples these multimers constitute more than 30 % of the observed molecular aggregates between DPP and Qu.

Results and Discussion
NMR titration experiments
To study the interaction between Qu and DPP as a function of
their molar ratio in dichloromethane, we performed a titration
experiment: In all samples the concentration of Qu was kept
Chem. Eur. J. 2017, 23, 10853 – 10860
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constant at cQu = 0.1 mol L@1, while the concentration of DPP
was varied such that we cover both, samples with an excess of
Qu and an excess of DPP. As we have shown previously, the
1
H NMR chemical shift of protons of Qu is very sensitive to protonation of Qu by DPP.[11] Hence, to monitor the proton transfer in the titration experiment, we recorded the 1H NMR spectra of Qu with simultaneously increasing cDPP from 0.01 mol L@1
to 0.5 mol L@1. As can be seen from the chemical shift of the
H4 proton of Qu, dH4, (located opposite to the nitrogen atom
in the six-membered heterocycle, see inset of Figure 2 a), the

Figure 2. a) Chemical shift of the protons H4 and H8 of Qu as a function of
DPP concentration at a constant Qu concentration of 0.1 mol L@1: the proton
in close proximity to the nitrogen (H8) shows an increased shielding with increasing excess of acid, while the chemical shift of H4 nearly exhibits the sigmoidal behavior that would be expected for acid–base titrations. Symbols
correspond to experimental data and solid lines show the description with
the association model (Equation (6) see text). b) HOESY spectrum of an equimolar (0.1 mol L@1) solution of DPP and Qu. Cross-peaks evidence proximity
of the phosphor not only to the phenyl groups (7.3 ppm) of the DPP but
also to H8 (8.3 ppm) and the methyl group H9 (2.9 ppm) of Qu. Note, that
small signals in the 1H spectra at 6.9, 6.7, and 3.7 ppm originate from
a minor impurity, presumably p-anisidine, which does not affect our conclusions.

variation of the chemical shift is in accordance to what one
would expect for titration of a base with an acid (Figure 2 a):
At cDPP , cQu the value of dH4 increases with increasing concentration of acid, in line with a partial protonation of some Qu
molecules and dH4 representing the (motionally) averaged
chemical shift of Qu and QuH + . The increase of dH4 therefore
reflects a reduction of the shielding of this specific proton,
which can be readily related to a reduction of the average
electron density in the vicinity of the H4 proton upon protonation of Qu. For samples with an excess of DPP cDPP >
0:1 mol L@1 the dH4 values reach a plateau, which suggests that
an excess of DPP does hardly affect the electronic environment
of H4 (i.e. quantitative protonation of all Qu). In analogy to the
observations for H4, also the chemical shifts for protons H3–H7
exhibit similar trends (see Supporting Information, Figure S1).
The magnitude of the variation amongst H3–H7 is however
largest for H4 (Figure S1), which is in line with this position
being the initial reactive center for the hydride transfer in the
hydrogenation reaction (Figure 1).[37]
Conversely, the chemical shift of H8 varies markedly different
with increasing concentration of DPP: At cDPP , cQu the value of
dH8 increases—similar to our findings for H3–H7. However, at
cDPP > 0.1 mol L@1 the value for dH8 shows a pronounced decrease with increasing concentration of DPP. At cDPP =
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0.5 mol L@1 the value of dH8 nearly assumes the values close to
neat solution of Qu (in the absence of any acid). We note that
we find a similar behavior for the chemical shift of the methyl
group dH9 (see Figure S2, Supporting Information). Our results
thus show that an excess of DPP increasingly shields the protons H8 and the methyl group H9, relative to the equimolar
mixture of DPP and Qu.
Hence, the NMR titration experiment demonstrates that only
at cDPP ! cQu, the observed chemical shift is dominated by deprotonation of DPP and the corresponding partial protonation
of Qu. With increasing concentration of DPP the shielding of
protons of Qu in the direct vicinity of the aromatic nitrogen
(H8 and methyl group H9) however deviates from what one
would expect for quantitative, bimolecular proton transfer between Qu and DPP.
To explore the origin of the counterintuitive shielding of H8
and H9 we use HOESY. This technique is sensitive to through
space interactions (~ < 5 a) between phosphor nuclei and protons (also in absence of coupling through a chemical bond).
Such a two-dimensional 31P–1H HOESY spectrum (Figure 2 b)
shows three pronounced cross-peaks: The most intense crosspeak is due to the intramolecular interaction between the 31P
(d31 P = @11.6 ppm) and the phenyl groups of the DPP (d1 H, phenyl
& 7.3 ppm). More importantly, we find two additional intermolecular cross-peaks evidencing interaction with Qu: The HOESY
spectrum for an equimolar solution of DPP and Qu show inter-

action of the 31P nuclei with protons located at dH8 = 8.3 ppm
and dH9 = 2.9 ppm for Qu, the two signals that show the decrease in chemical shift upon adding an excess of DPP. Thus,
the HOESY spectrum provides strong evidence that the peculiar behavior of H8 and H9 for an excess of DPP in the titration
experiment can be traced back to DPP in the direct proximity
of these protons, that is, the formation of molecular aggregates between QuH + and DPP@ . This observation is in line
with our previous study,[11] where we could show that the dielectric spectra of equimolar solutions are dominated by QuH +
–DPP@ ion pairs.
Dielectric relaxation spectroscopy
Accordingly, to obtain further insight into the species that are
formed in solution as a function of the molar ratio between
Qu and DPP, we perform DRS experiments with varying sample
composition. In general, DRS spectra are dominated by the rotation of molecular level dipoles. As ion pairs (e.g. QuH + –DPP@
ion pairs[11]) have an intrinsically large electrical dipole
moment, DRS is particularly sensitive to the formation of ion
pairs.[38] In Figure 3 a we show the complex permittivity spectra
for solutions containing 0.1 mol L@1 Qu with varying concentration of DPP. All spectra show a relaxation process, which is
characterized by a dispersion in the dielectric permittivity, e’(n),
and a peak in the dielectric loss, e’’(n), centered at & 70 GHz.

Figure 3. a) Dielectric permittivity, e’(n), and dielectric loss spectra, e’’(n), for solutions of 0.1 mol L@1 Qu with varying concentration of DPP. Symbols show experimental data and lines show the fit of Eq. 1 to the spectra. The black solid line shows the dielectric spectrum of the solvent, dichloromethane, which was
taken from literature.[39] Note that for visual clarity the contribution due to the Ohmic loss (last term of Equation (1)) has been subtracted. b) Extrapolated
static permittivity, es, vs. concentration of DPP for solution of neat DPP (red symbols) and solutions containing 0.1 mol L@1 Qu (black symbols). Error bars are
estimated to 0.02 es.[38] Solid lines are a visual aid. c) Dielectric spectrum of an equimolar mixture of DPP and Qu. Symbols show experimental data and the
solid lines show the fits using Eq. 1. Shaded areas indicate the contribution of the three relaxation modes (multimer, ion pair, and solvent) to the dielectric
loss (see Equation (1)) d) Calculated concentrations of ion pairs (blue squares) and multimers (red circles) as extracted from the dielectric relaxation amplitudes (for details see text and Supporting Information). Error bars were estimated assuming an uncertainty of 0.02 es[38] in the relaxation strength. Solid lines
show fits of the association model (Equations (4) and (5)) to the data. Note that the deviations of the fit from that data at cDPP = 0.3 mol L@1 can be related to
the neglect of aggregates larger than trimers in Equations (4) and (5).
Chem. Eur. J. 2017, 23, 10853 – 10860
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This relaxation mode can be readily assigned to the rotational
diffusion of the dipolar solvent dichloromethane (see also
black solid lines in Figure 3 a).[39] Besides a minor reduction in
relaxation amplitude of this mode due to the decreasing
volume concentration of dichloromethane with increasing
solute concentration, the relaxation of dichloromethane is
nearly unaffected by the addition of DPP, which indicates that
the added solute does not bind dichloromethane strongly in
its solvation shell. The addition of DPP to the quinaldine solution leads to the appearance of at least one broad relaxation
in the range centered at about 2 GHz. Thus, this relaxation can
be assigned to be due to the solutes and its amplitude is increasing with increasing DPP concentration. The increasing
amplitude goes along with an increase in the limiting permittivity at low frequencies (es ¼ lim e0 ðnÞ), that is, the static dien!0
lectric constant. As can be seen in Figure 3 b, the static permittivity of the samples monotonically increases with increasing
concentration of DPP (black symbols in Figure 3 b). This observation is in stark contrast to solutions of only DPP in dichloromethane (in the absence of Qu), where the static permittivity
decreases with increasing concentration of acid (red symbols
in Figure 3 b, see also Supporting Information Figure S3). In
general, the static dielectric constant is a measure of the
volume concentration of electrical dipoles (multiplied by their
squared electrical dipole moment, see also below).[40] Thus, the
increase of es with increasing cDPP for solutions containing Qu
indicates the formation of dipolar aggregates upon addition of
DPP over the entire concentration range of the present study.
Contrarily, our data suggest that addition of DPP does not go
along with the formation of dipolar species in the absence of
quinaldine. Notably, es exhibits a steep increase at low concentrations of DPP (cDPP < 0.1 mol L@1), while the slope of es vs. cDPP
is reduced for an excess of DPP (cDPP > 0.1 mol L@1). Hence, in
line with the interaction of DPP and Qu at all studied concentrations as concluded from Figure 2, the values of es indicate
that dipolar species are formed and/or the electrical dipole
moment of these species is increased upon adding DPP over
the entire concentration range of the present study.
In order to quantitatively analyze the dielectric spectra, we
fit a relaxation model to the spectra consisting of multiple relaxation modes to the spectra. This model obviously contains
contributions due to the solvent at 70 GHz (2 ps).[39] The relaxation of the solute between 0.1 and 5 GHz has an asymmetric
shape and its symmetry varies with concentration of DPP:
while the maximum in e00 is located at around 2 GHz for low
concentrations of DPP, a pronounced shoulder appears at
around 0.4 GHz at high concentrations of DPP. This asymmetry
provides evidence for the presence of at least two relaxation
modes due to the solutes. Due to the prevalence of the 2 GHz
relaxation mode at low cDPP (see also below), we assign this relaxation mode to the smallest conceivable aggregate between
Qu and DPP: QuH + –DPP@ ion pairs (see also [11]).[41] As the
peak position in dielectric spectra is determined by the molecular volume of the rotating dipoles (and the sample’s viscosity),[39, 40] the location of the second solute relaxation mode at
0.4 GHz suggests that these dipolar species have a larger molecular volume (compared to the ion pairs). We therefore
Chem. Eur. J. 2017, 23, 10853 – 10860
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assign this lower frequency relaxation to the rotation of multimers (at least QuH + –DPP@–DPP trimers) formed between DPP
and Qu.
Hence, we use a combination of three (Debye-type) relaxation modes[42] to describe the experimental spectra, which is
the model with the least number of parameters that gave
a consistent description of the experimental data:
b
eðnÞ ¼

Smult
SIP
SDCM
k
þ
þ
þ e1 þ
1 þ 2pintmult 1 þ 2pintIP 1 þ 2pintDCM
2pine0
ð1Þ

where Sj and tj are the relaxation amplitudes (relaxation
strengths) and relaxation times, respectively, with j ¼ mult
(multimer), IP (ion pair), or DCM (dichloromethane). e1 is the
limiting permittivity at infinite frequencies, which accounts for
all polarization components that are resonant at frequencies
above the frequency range of the present study (e.g. due to
electronic polarization or vibrational resonances). The last term
of Equation (1) accounts for Ohmic losses resulting from the
electrical conductivity, k, and e0 is the permittivity of free
space. Here, we assume k, which is rather small for the present
samples (k < 0.02 S m@1 see Supporting Information Table S3),
to be real and independent of frequency (i.e. the dc conductivity of the sample).
As can be seen from Figure 3 a, Equation (1) excellently describes the experimental spectra over the entire frequency
range at all studied concentrations. The contribution of the
three relaxation modes to the dielectric loss spectrum are
shown as shaded areas in Figure 3 c and the obtained fit parameters are summarized in the Supporting Information
(Table S3 and Figure S4). From these fits we find the relaxation
time of DCM, tDCM & 2.1 ps is largely unaffected by the presence of solute molecules. The relaxation amplitude SDCM is
slightly decreasing with increasing cDPP, which can be related to
the reduction (dilution) of the molar concentration of DCM
upon adding DPP. Similar to tDCM, the ion pair relaxation time
tIP does not vary substantially with varying cDPP. Despite the
multimer relaxation is detectable at all studied concentrations,
the parameters associated with the multimers (tmult, Smult) are
due to the weak contribution of multimers at cDPP < 0.1 mol L@1
somewhat scattered (see Figure S4). To reduce the scatter in
the data at cDPP , 0.1 mol L@1, we fix tmult to 458 ps, which is the
average value obtained at cDPP > 0.1 mol L@1, where Smult is the
dominant solute relaxation. This constraint has however little
effect on the obtained values of Smult (see Figure S4).
The relaxation amplitudes SIP and Smult can be directly related
to the concentration of dipolar species, [j] and their squared
dipole moment (Sj ~ [j]mj2, j = mult, IP).[11] To extract the molar
concentrations of ion pairs, [IP], and multimers, [mult], we
obtain the electrical dipole moments (mj) by assuming that at
cDPP > 0.1 mol L@1 all Qu molecules form either ion pairs or multimers and at cDPP < 0.1 mol L@1 all DPP molecules from either
QuH + –DPP@ ion pairs or QuH + –DPP@–nDPP multimers (see
Supporting Information). With these boundary conditions we
find the electrical dipole moments of the ion pair and of multimers to be very similar: mmult = 21.4 D and mIP = 21.5 D (for de-
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tails see Supporting Information, Figure S5). The notion that
the dipole moment of a QuH + –DPP@ ion pair is virtually unaffected upon association of an additional DPP molecule to the
ion pair (formation of a QuH + –DPP@–DPP trimer) is also supported by ab initio calculations (see Supporting Information,
Figure S6). As can be seen from Figure 3 d, the thus obtained
values for [IP] increase at low cDPP and reach a maximum at
cDPP & 0.1 mol L@1 after which they decrease. The concentration
of multimers, ½multA, shows a sigmoidal shape with an inflection point at cDPP & 0.15 mol L@1. Notably, these results indicate
that multimers are present at all concentrations and for an
equimolar concentration about around 30 % of all aggregates
in solution are multimers. Hence, despite at low DPP concentrations a substantial amount of the base Qu is available,
added acid (DPP) does not quantitatively protonate the base,
but some fraction of DPP is bound in multimers.

where dQu, dIP, and dmult are the chemical shifts of free Qu,
the ion pair, and the multimer, respectively. As can be seen
from the solid lines in Figure 2 a, also the chemical shifts of dH4
and dH8 (for other protons see Supporting Information) can be
described by this association models with K1 = 104 L mol@1 and
K2 = 16 L mol@1, hence confirming that the two equilibria can
describe the interaction of DPP and Qu at all studied concentrations. Only for a large excess of DPP (cDPP + 0.3 mol L@1) the
model somewhat deviates from the experimental data (see
Figure 2 a and Figure 3 d), which can be explained from the
model being limited to formation of ion pairs and trimers (i.e.
it does not account for other multimers). The chemical shifts
for neat Qu, ion pairs and trimers, calculated by fitting the
NMR titration data using Equation (6) can be found in Table S1
(see Supporting Information).
Diffusion ordered NMR experiments

Association model
To quantitatively describe the concentration dependence of
ion pairs and multimers as shown in Figure 3 d, we use an association model. For convenience we take only the formation
of ion pairs (IP, QuH + –DPP@) and association of one additional
DPP molecule to an ion pair resulting in a trimer (QuH +
–DPP@–DPP) into account [Eq. (2), Eq. (3)]:
Qu þ DPP

!

fQuHþ DPP@ g

fQuHþ DPP@ g þ DPP

!

ð2Þ

fQuHþ DPP@ DPPg

ð3Þ

Here we neglect dissociation of ion pairs into free ions, as
the number of free ions is very small in dichloromethane.[11] Accordingly, the relevant apparent association equilibria, which
are based on concentrations rather than thermodynamic activity, are defined as [Eq. (4), Eq. (5)]:
K1 ¼

½IPA
½QuA½DPPA

ð4Þ

K2 ¼

½multA
½IPA½DPPA

ð5Þ

where ½QuA and ½DPPA are the concentrations of free quinaldine
and free DPP, respectively. K1 and K2 are the corresponding apparent association constants. Together with mass conservation
(cDPP = [DPP] + [IP] + 2[mult], and cQu = [Qu] + [IP] + [mult]), this
model can describe the observed concentration dependence
of [IP], and [mult] very well (see solid lines in Figure 3 d) with
association constants K1 = 104 L mol@1 and K2 = 16 L mol@1. Remarkably, these apparent equilibrium constants, which were
obtained from our DRS results, can also describe the NMR
chemical shifts as shown in Figure 2: assuming that the observed chemical shift d is the concentration weighted average
of all three species in solution:
d ¼ dQu

½QuA
½IPA
½multA
þ dIP
þ dmult
cQu
cQu
cQu
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To confirm this association behavior we perform diffusion ordered NMR spectroscopy (DOSY) for solutions containing
0.1 mol L@1 Qu at different concentrations of DPP. With DOSY
we can relate the (motionally averaged) signals in the 1H NMR
spectra to the diffusivity of these protons (averaged over all
species that are present in solution). As the diffusivity of the
proton (i.e. the molecule or intermolecular aggregate) scales
with the hydrodynamic volume, DOSY provides information on
the average size of the aggregates in solution. In general, the
signals at 7–7.5 ppm can be related to DPP, while protons with
chemical shifts ranging from 7.5–9 ppm stem from Qu (Figure 4 a). For mixtures with cDPP = 0.1 mol L@1 and cDPP =
0.05 mol L@1 the average diffusivity of DPP-containing species
is lower than the average diffusivity of Qu containing species.
This difference is consistent with the association model (Equation (6)), where we find that at these concentrations all DPP
molecules are incorporated in intermolecular aggregates (ion
pairs or multimers) with large molecular volumes (slow diffusion rates). Simultaneously a significant fraction of free Qu molecules is present for these compositions. As these free Qu molecules have a low hydrodynamic volume, compared to ion
pairs or multimers, the presence of free Qu molecules reduces
the average diffusivity of all Qu species at these concentrations. Only for an excess of DPP (cDPP = 0.5 mol L@1) all Qu molecules form aggregates with DPP and thus similar diffusivities of
protons related to Qu and DPP are observed (Figure 4 b).

Conclusion
Using a combination of dielectric relaxation and NMR experiments, we show that in solutions of Qu and DPP different intermolecular aggregates are formed, depending on the ratio
between the base Qu and the acid DPP. In our titration experiment, multimers containing one QuH + cation, one DPP@ anion,
and at least one more DPP molecule are formed. We find such
multimers—similar to what has been suggested for carboxylic
acids[3]—even for solutions containing an excess of Qu. Our results indicate that the electrical dipole moment of these multimers is very similar to that of QuH + –DPP@ ion pairs, thus pro-
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Figure 4. a) DOSY experiments for solutions of only Qu and only DPP. b) DOSY experiments for mixtures containing 0.1 mol L@1 Qu with varying concentrations
of DPP at 298 K: Signals at > 7.5 ppm correspond to Qu, while signals < 7.5 ppm originate from the phenyl groups of DPP. The diffusion coefficient of Qu is
decreased in the presence of small amounts of DPP. With increasing DPP concentration the diffusion coefficients of Qu and DPP become equal. Symbols
show experimental data and solid lines are a visual aid.

viding evidence for the average location of the negative
charge being not affected by the additional DPP molecule. As
the NMR experiments show that the additional DPP molecule
in the multimers is close to the positively charged NH + group
of QuH + , we propose that in the simplest multimer—the
trimer—the negative charge is delocalized between the two
hydrogen-bonded DPP molecules (Figure 5). Such intermolecular interaction between two DPP molecules in fact closely re-

Figure 5. Proposed structure of the trimer, consisting of a quinaldinium
cation, a diphenyl phosphate anion, and a diphenyl phosphoric acid.

sembles the dimers of Brønsted acid that have been reported
to prevail in weakly polar solvents.[3, 43] Two association equilibria accounting for formation of Qu + –DPP@ ion pairs and Qu +
–DPP@–DPP trimers can describe the interaction of DPP and
Qu at all studied concentrations. Remarkably, the association
constant for DPP associating with a free quinaldine molecule
(K1 = 104 L mol@1) to form a Qu + –DPP@ ion pair is only around
6 times higher than the association of DPP to a Qu + –DPP@ ion
pair (K2 = 16 L mol@1) to form a multimer. This interplay between the two competing association paths is likely very sensitive to the solvent, and thus may explain the very different formation of intermolecular aggregates for other polar, aprotic
solvents.[11] We observe these species (ion pairs and multimers)
as separate relaxations in DRS, while their formation leads to
motionally averaged signals in NMR. Thus, our results indicate
that the lifetime of these aggregates (i.e. the time they exist
before the intermolecular bond is broken) is shorter than a few
milliseconds (NMR timescale) but longer than a few hundreds
of picoseconds (the rotation time in DRS). As the formation of
Chem. Eur. J. 2017, 23, 10853 – 10860
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multimers is detected at all concentrations, our results imply
that the ratio between the catalyst and the substrate is crucial
in order to study reactive intermediates in organocatalysis. The
simultaneous presence of different intermediates reported for
equimolar mixtures[10] is very likely related to the presence of
ion pairs and multimers in equimolar solutions. Moreover, our
results show that in the catalytic process where typically a few
mole percent of the phosphoric acid are added to the imine
base,[26] ion pairs are the prevailing intermediates and thus ion
pairs are very likely the active species in catalysis.[18] Our results
also show that multimers are formed at all concentrations
even for an excess of base. Based on our association model,
these multimers constitute about 1.5 and 0.7 % of all aggregates at molar ratios of 1:10 and 1:20 (DPP:Qu), which are typical catalyst loadings in organocatalysis. Since a minor species
can be decisive for catalysis (Curtin–Hammet principle),[23]
these multimers may nevertheless have catalytic significance.
In fact, the few mole percent of phosphoric acid that is typically added to the substrate in the organocatalytic process is significantly more than what is used in transition metal catalysis.[44, 45] Indeed, there is evidence for strong non-linear effects
in phosphoric acid catalysis when around 10 % of catalyst is
added, which could only be explained by the activation of the
substrate by more than one acid molecule.[46] Similarly, the association of two phosphoric acid molecules at a Ca2 + ion has
been suggested to be of catalytic relevance[47] and in recent
years catalysts that bear two phosphoric acid moieties on the
same molecule[48–50] have been shown to provide superior catalytic activity. In this work we provide a route to identify the different intermediates that are formed in solution and to extract
their respective properties: we obtained separately the electronic structure of the ion pairs and of the multimers from
their extracted NMR chemical shifts and the DRS detected electrical dipole moment. Direct correlation of such electronic
properties of these intermediates to the catalytic activity can
provide mechanistic insight and thus improve prediction of
catalytic activity based on their isolated electronic properties.[12, 25]
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Experimental Section
Diphenyl phosphoric acid (DPP) was purchased from Sigma–Aldrich and dried in vacuo (< 2 V 10@2 mbar) for at least 8 hours. Quinaldine (Qu) was obtained from Sigma–Aldrich and used without
further purification. The solvents dichloromethane (CH2Cl2, ACS reagent grade, Sigma–Aldrich) and deuterated dichloromethane
(CD2Cl2, Carl Roth) were stored over molecular sieve (4 a) and filtered using a 0.2 mm Omnipore membrane filter prior to use. Stock
solutions of DPP and Qu were prepared by weighing the appropriate amount DPP or Qu into a volumetric flask and dissolving the
solute in dichloromethane. Samples with different stoichiometric
ratios between Qu and DPP were prepared, by mixing the corresponding volume of both stock solutions and the solvent using
graduated glass pipettes. For NMR experiments a total sample
volume of 1 mL was prepared for each sample using CD2Cl2. For
DRS experiments we prepared samples with a total volume of
4 mL using CH2Cl2.
To study the formation of dipolar aggregates in solution, we use
DRS,[27, 28] which measures the polarization of these samples in an
externally applied oscillating electric field with field frequency, n.
The induced polarization is experimentally measured and can be
expressed in terms of the complex permittivity beðnÞ : [Eq. (7)]
0

ð7Þ

beðnÞ ¼ e ðnÞ @ ie00 ðnÞ

with the real part, e’, being the frequency dependent permittivity
and the imaginary part, e’’, representing the dielectric loss (i.e. absorption).[27, 29] DRS spectra were recorded at frequencies ranging
from 10 MHz to 110 GHz, using an Anritsu MS4647A Vector Network Analyzer. To cover this broad frequency range data obtained
using several experimental geometries were combined. Frequencies at 54 to 110 GHz were covered using a coaxial reflectometer
based on an external frequency converter module (Anritsu
3744A mmW module) and an open-ended coaxial probe based on
1 mm coaxial connectors.[30, 31] Spectra at 0.8–50 GHz were recorded
using an open-ended coaxial cell based on 1.85 mm connectors.[32, 33] The thus obtained spectra were complemented at frequencies at 10 MHz to 400 MHz using a cut-off type coaxial
cell.[34, 35] All experiments were performed at ambient temperature
(295 : 2 K).
To obtain information on the chemical environment of Qu we performed a set of NMR experiments. 1H NMR spectra of the solutions
were recorded on a Bruker 300, 500 and 850 MHz AVANCE III spectrometer. For selected samples we recorded both 1H- and 31P-NMR
spectra using a 5 mm BBFO z-gradient probe on the 500 MHz
Bruker AVANCE III system (TOPSPIN 3.2 software version). The spectra were obtained with p/2-pulse lengths of 14.7 ms for proton
(128 number of scans, spectra width 12 500 Hz) and 12 ms for 31P
and a relaxation delay of 3 s for 1H NMR and 10 s for 31P NMR. The
proton spectra were referenced using the residual CDHCl2 at
5.37 ppm (d(1H)). The 31P spectra were referenced using Triphenylphosphine at @6 ppm.
To extract information on the intermolecular interaction between
DPP and Qu we complemented our analysis with two dimensional
(2D) 31P–1H HOESY[36] (heteronuclear Overhauser enhancement
spectroscopy) methods. The spectroscopic widths of the heteronuclear 2D-HOESY experiments were typically 1600 Hz in the detected
dimension (F1 (1H: 10 000 Hz) and F2 (31P: 1600 Hz)) using a relaxation delay of 2 s. The mixing time for the HOESY experiment was
set to 1500 ms. Information on the hydrodynamic size of the molecular aggregates in solution was studied using diffusion ordered
NMR Spectroscopy (DOSY-NMR). These spectra were recorded
Chem. Eur. J. 2017, 23, 10853 – 10860
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using a 5 mm TXI 1H/13C/15N z-gradient probe with a gradient
strength of 5.350 [G mm@1] on a Bruker Avance-III 850 NMR Spectrometer. The gradient strength of the probes was calibrated by
analysis of a sample of 2H2O/1H2O and compared to the reported
diffusion coefficient of 2H2O/1H2O (values taken from Bruker diffusion manual) at 298.3 K. In this work, the gradient was varied using
32 steps from 2 % to 100 % and the diffusion time was set to
40 ms.
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