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Despite the crucial role of hydrogen-bonding interactions and
proton transfer in organocatalysis, especially in the reactions
involving Brgnsted acid catalysts,)! fundamental understand-
ing of the nature of catalyst-substrate complexes in solution is
rather limited. One reason for the challenges associated with
investigation of the catalytically active species in Brgnsted
acid catalysis is their lack of experimental accessibility. This
difficulty is valid in particular for 1,1’-binaphthalene-2,2'-diol
(binol) phosphoric acids,?* with which the activation of the
substrate takes place either through proton transfer or
hydrogen bonding, with or without charge assistance by the
catalyst. To improve the catalytic performance of Brgnsted
acid catalysts it is essential to identify the different catalytic
species present in solution. Schrader et al. were able to detect
key intermediates in a cascade reaction involving a binol-
derived phosphoric acid catalyst by electrospray ionization
mass spectroscopy (ESI-MS).’! However, with this method, it
was not possible to differentiate between proton transfer and
hydrogen-bond formation. Owing to our tremendous interest
in the further development of binol-derived phosphoric acids
and derivatives as efficient Brgnsted acid catalysts for
application in various transformations involving imines,>*
we decided to conduct experiments which would help identify
the activation mode in these reactions.

NMR spectroscopy has emerged as a powerful technique
for the investigation of both hydrogen-bonding and ion-pair
systems.®! Limbach and co-workers showed in marvelous
studies on the hydrogen-bond networks in various pyridoxal
5'-phosphate derived Schiff bases that the intermolecular
hydrogen bonds could be characterized by a combination of
'H and >N NMR spectroscopy.’ ! A correlation between the
'"H and “N chemical shifts, the corresponding coupling
constants 'Jyy, and the hydrogen-bond strength was found.
In principle, the direct detection of 1D, 2D, and 3D
correlations caused by intermolecular *Ji;p and ""Jyx cou-
plings is possible; however, sharp line widths, which indicate
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slow relaxation, are required. Only few studies dealing with
the detection of magnetization transfer through hydrogen
bonds in non-biomolecules in organic solvents have been
reported. For example, we investigated artificial arginine and
acylguanidine complexes by NMR spectroscopy.''""'! Hence,
we chose NMR spectroscopy as an adequate tool to identify
the species present in various Brgnsted acid/imine mixtures
and to examine the influence of temperature and concen-
tration on imine protonation.['>!4

The model compounds selected for our investigations are
depicted in Scheme 1. Diphenyl phosphate (DPP, 1, pK, < 2)
was selected as an achiral phosphate used in Brgnsted acid
catalyzed transformations.”! Imines 2 and 3 were selected as
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Scheme 1. Investigated model systems with the acid catalyst diphenyl
phosphate (1) and different imines 2—4.

substrates for identification of the main trends between
aldimines and ketimines. The effect of electron density was
investigated with the aid of ketimines 3 and 4 bearing
aromatic substituents with different electronic properties. To
select the optimal experimental conditions, we investigated
the NMR spectroscopic properties of the complex 1-2 in
dichloromethane, chloroform, and toluene, the typical sol-
vents used in synthetic applications.”™ Toluene was found to
provide by far the best chemical shift dispersion and solubility.
To enable the detection of the hydrogen-bonding properties
of the analyzed complexes 1-2,1-3, and 1-4, 1:1 mixtures of the
phosphate and the imine were used, and the highest possible
concentration was chosen for each individual complex (100,
40, and 20 mm, respectively).'”! To enable the determination
of 'Jisx 4 coupling constants and to facilitate "H,"”N magnet-
ization transfer, we synthesized '*N-labeled imines 2-4. Since
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the NMR spectra of the three complexes investigated were
very similar, the NMR spectroscopic approach used to
identify the position of the crucial proton is explained
exemplarily for complex 1-2. All NMR spectroscopic data of
1-2,1-3, and 14 are summarized in Table S1 in the Supporting
Information.

At 300 K, the '"H NMR spectrum of 1-2 showed only one
averaged signal for the acidic proton (Figure 1a). Therefore,
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Figure 1. a) Temperature dependence of the '"H NMR spectra of 1-2.
b) *'P NMR spectrum of 1-2 at 240 K in [Ds]toluene at 600 MHz.
c) Identified species.

we carried out low-temperature studies to identify chemical-
exchange processes, which are highly probable at room
temperature between the proposed species formed by inter-
molecular hydrogen bonding and proton-transfer species.
Indeed, below 280 K, three signals were observed for the
acidic proton. These signals become sharper as the temper-
ature was decreased to 240 K (Figure 1a), at which temper-
ature a singlet at = 18.16 ppm and two doublets at 6 =15.50
and 11.87 ppm with 'Jyy coupling constants of 86.0+ 1 and
69.5 Hz were observed.™ Upon further cooling, each of the
two signals above 15 ppm split into a group of signals, which
indicated similar binding properties of the acidic proton but
structurally slightly deviating species. In contrast, in the
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3P NMR spectrum, only one averaged singlet was observed at
all temperatures (Figure 1b).

In the temperature study, extremely broad proton signals
(line widths up to 480 Hz) were detected (see Figure 1a; see
also the Supporting Information). This broadness indicates
very short transversal relaxation times and exchange, which
severely hamper the detection of magnetization transfer as
required for the differentiation of hydrogen-bonded and
proton-transfer complexes. Therefore, for the subsequent
NMR spectroscopic investigations, we chose a temperature of
240 K, which provides the smallest line widths (165, 105, and
50 Hz) and shows one averaged signal for each of the three
main species (Figure 1c¢). In principle, it should be possible to
identify the bonding properties of the acidic proton in these
three species from 'H,>'P HMBC and 'H,"””"N HMQC spectra.
For POH compounds, 'H,*P HMBC crosspeaks are expected,
and for HN" compounds, "H,""N HMQC crosspeaks should be
observed. Indeed, two crosspeaks were detected in the 'H,"N
HMOQC spectrum (Figure 2¢). These crosspeaks enabled the
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Figure 2. NMR spectroscopic characterization of the 1:1 complex of 1
and 2 at 240 K in [Dg]toluene at 600 MHz: a) OH region of the

'H NMR spectrum indicating three different species; b) 1D *'P,'"H
INEPT spectrum; c) 2D 'H,""N HMQC spectrum.

assignment of the signals at  =15.50 and 11.87 ppm to HN*
species. For the third proton signal at 0=18.16 ppm, no
crosspeak was observed despite extensive magnetization-
transfer-delay optimizations in various 'H,””"N HMBC experi-
ments and experimental times up to 10 h. No crosspeaks were
observed in the corresponding 'H,*P HMBC spectra even
when various spectroscopic parameters were used. This lack
of crosspeaks can be explained by the short transversal
relaxation times of the three proton signals in combination
with small 2Jy; » coupling constants. Therefore, we carried out
time-shared *'P,'H INEPT experiments (INEPT = insensitive
nuclei enhanced by polarization transfer), which show
significantly higher signal-to-noise ratios for systems with
long *'P T, times and short 'H T, times.'! However, even in
transfer-delay-optimized *'P,'/H INEPT spectra with exper-
imental times around 10 h, only one crosspeak to the signal at
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0=18.16ppm was detected (Figure2b). These 'H,°N
HMQC and *'P'H INEPT spectra show that in a 1:1 mixture
of 1 and 2, one POH and two HN™ species exist simulta-
neously, and that the detection of magnetization transfer
through potential hydrogen bonds in these species is ham-
pered by short 'H relaxation times and small " values.

First, the POH species (6('H)=18.16 ppm) was identi-
fied. In principle, this signal could either belong to 1 or to the
expected OH(1-2¢y..y) complex (Figure 1c¢). To differentiate
between these two possibilities, we investigated the chemical
shifts and aggregation levels of the pure catalyst 1 and
compared them to those of the 1-2 sample. At 240 K, pure 1
showed a significantly high-field-shifted OH signal at 6('H) =
13.80 ppm, which is close to the value for dimethyl phos-
phate.l'” This signal did not split into several signals at
temperatures below 240 K as found for 1-2 (for spectra, see
the Supporting Information). Furthermore, diffusion meas-
urements showed different values for 1 and OH(1-2¢y..y), and
when the temperature was lowered for 1, a trend from the
formation of dimers to the formation of trimers was observed,
as similarly reported for dimethyl phosphate (for details, see
the Supporting Information).'”! Therefore, the presence of
pure 1 in the 1-2 sample can clearly be excluded.

For the POH species in the 1-2 sample, the diffusion values
were in agreement with the formation of a 1-2 complex (for
details, see the Supporting Information), which we refer to
herein as the DPP-aldimine complex OH(1-20y.n) (Fig-
ure 1¢). The remarkable downfield shift of the OH proton
signal in the spectrum of OH(1-2,y..n) compared to the OH
proton signal of the 1-1 dimer suggests the presence of a
stronger hydrogen bond in OH(1-2¢..y) than in the 1-1 dimer.
However, anisotropy effects of the aldimine substituents in
OH(1-24y..) may also contribute to the observed chemical
shift difference.

Next, the two HN* species were assigned. In principle,
these signals could belong to 2H*, 2-2H*, or the expected
NH(1-25.yn) complex (Figure 1c¢). To differentiate between
these possibilities, we simulated the chemical shifts and/or
aggregation levels of 2H" and 2-:2H* with samples of 2
combined with 1.0 and 0.5 equivalents of HBF,, respectively.
The experiments with 2 and one equivalent of HBF, resulted
in a proton signal for 2H" at 6 = 11.39 ppm, very close to that
at 0 =11.87 ppm for the 1.2 sample. This result indicates the
existence of the free protonated aldimine NH(2H") in the 1-2
sample (Figure 1c; for spectra, see the Supporting Informa-
tion). The presence of NH(2H™) was confirmed by '"H DOSY
NMR experiments, which revealed a temperature- and
viscosity-corrected diffusion coefficient of D, (NH(2H")) =
4.40x 107 m?s7!, indicative of a monomeric aldimine. The
experiments with 2 and 0.5 equivalents of HBF, resulted in a
proton signal at  =12.14 ppm for the 22H" complex. This
chemical shift is close to that observed for monomeric 2H*;
however, a downfield shift by 3.36 ppm was observed for the
second HN™ signal observed in the 1-2 sample at 0=
15.50 ppm. Therefore, the formation of 2:2H" in the 1-2
sample could be excluded. The remarkably higher chemical
shift of the main HN™ species relative to those of 2H" and
2-2H" can be interpreted as a strong hint for the formation of
a hydrogen bond to the phosphoric acid. Therefore, this
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species was assigned as NH(1-2¢.yy) (Figure 1c). Further-
more, the DOSY value, D, =1.39x 107 m?>s~!, obtained for
NH(1-25.un) clearly indicates the formation of a complex.

The calculated hydrodynamic volume of NH(1-2,..;4y) is
puzzling at a first glance, because it is two times larger than
that of OH(1-2,y..n). However, if one considers that toluene
was used as the solvent and that, in contrast to OH(1-2y..x),
NH(1-25.un) is a contact ion pair, which offers additional
possibilities for electrostatic and cation—m interactions, this
greater hydrodynamic volume is in accordance with the
assignment of the two complex species. Another possible
explanation for the increased volume (see the Supporting
Information) is stabilization by additional acid molecules, as
previously found by Limbach and co-workers.!'*!

Thus, the combined NMR spectroscopic results discussed
above show that the complex 1-2 does not form solely a
hydrogen-bonded species or a contact ion pair in solution, but
that both species OH(1-2py.n) and NH(1-24.4y) coexist
simultaneously. Furthermore, minor amounts of the free
protonated aldimine NH(2H™) are present.

In synthetic applications, variations in reactivity have
been reported for aldimines and differently substituted
ketimines upon modification of the electron density of the
imine moiety.’! Therefore, we investigated the effect of an
aldimine versus a ketimine as well as the effect of different
substituents in the ketimine on the ratio of the hydrogen-
bonded species to the contact ion pair in these Brgnsted acid/
imine complexes. To elucidate the influence of ketimines, we
chose the structurally closest complex 1-3; for the investiga-
tion of substituent effects, the complex 14 was selected
additionally (Scheme 1).

Again, the '"H NMR spectra of 1-3 and 1-4 showed one
averaged signal each for the acidic proton at 300 K (for
spectra, see the Supporting Information). Low-temperature
measurements in combination with the spectroscopic assign-
ment procedures described above again revealed the coex-
istence of three species, OH(1-3/4¢y..x), NH(1:3/4¢..14n), and
NH(3/4H"), in both samples (Figure 3). However, the low-
temperature '"H NMR spectra of 1-3 and 1-4 showed that the
absolute chemical shift differences and the ratio of the
OH(1-Xon.N), NH(1-X,.4n), and NH(XH™) species vary

OH (1°X;1..0)
a) l f‘ﬁfﬁH (1eX,....0)

NH (XH")
-
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c) /\/
i 1 N
20 19 18 17 16 15 14 13 12 11
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Figure 3. "H NMR spectra of the different imine—catalyst complexes in
[Dgtoluene at 600 MHz: a) 1-2 at 240 K; b) 1-3 at 220 K; c) 1-4 at

210 K. The best chemical shift dispersion and the best line widths of
the proton signals were detected at different temperatures for the
three samples.
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according to the properties of the imine (see Figure 3 and
Table 1).

In 1-2, the chemical shift difference between OH(1-2¢y..x)
and NH(1-25.yy) Was the largest (A6 =2.66 ppm). In the

Table 1: Relative amounts of OH(1-Xou.n) and NH(1-Xo.4n) in the
different samples 1-2, 1-3, and 1-4 at 220 K.

Sample OH(1-Xop..n) NH(1-Xo..4n)
12 0.33 0.67
13 0.42 0.58
14 0.61 0.39

ketimine sample 1-3, the chemical shift difference between
OH(1-3p;.n) and NH(1-34.4n) was decreased to Ad=
1.76 ppm (weighted average of the two NH(1-3,,.. ) species),
and in 14, the signals for the different subspecies
OH(14py..n) and NH(1-4,.4n) even overlap. This stepwise
decrease in the AS('H) values indicates a decrease in the
hydrogen-bond strengths within the three complexes,
whereby 1-2>1-3>1-4. According to the outstanding and
very detailed studies of Limbach and co-workers on the
strength of hydrogen bonds to an enzymatic cofactor,”” such
a decrease in hydrogen-bond strength should correlate with
an increase in the 'H and “*N chemical shift values and a
decrease in the 'Jy;y values of the NH(1-Xq.jn) Species.
Indeed, these trends fit perfectly with those observed for
NH(1-25.yn) and the two NH(1-3,.pn) species (Table 2).

Table 2: Hydrogen-bond characteristics of the three complexes 1-2, 1-3,
and 1-4.

Complex  AS(H)E  S(H)EL  s(N)PT Ty, P H-bond
[ppm] [ppm]  [ppm] [Hz] strength

1.2t 2.66 15.50 75.9 86.0+1.0

1.31 1.33 16.28 77.3 84.540.2

1.3 0.64 16.97 79.0 83.840.2

1.4 0.56 16.13 n.d. n.d.

1.4¢ —0.56 17.25 n.d. n.d.

[a] AO('H) =0 (OH(1Xon.)) — (NH(1-Xo.1n)). [b] The value for
NH (1-Xo.44n) is given. [c] At 240 K. [d] At 220 K. [e] At 210 K. n.d.=not
determined.

Thus, the different species found for the investigated
Brgnsted acid/imine complexes are hydrogen-bonded com-
plexes with varying hydrogen-bond strengths in different
stages of the proton-transfer reaction. In accordance with this
concept,'”) the ratios of the OH(1-Xqy..xy) and NH(1-Xo..;1x)
species also vary (Table 1). In 1-2, which has the strongest
hydrogen bonds, the proton-transfer reaction is most pro-
nounced, and the highest amount of NH(1-25.yy) Was also
observed. Samples 1-3 and 1-4 showed decreasing amounts of
NH(1-3/4..4y) in agreement with the decreased hydrogen-
bond strength indicated by the NMR spectroscopic parame-
ters discussed above.

Next, we investigated the influence of concentration and
temperature on the appearance of the different hydrogen-
bonded species to estimate the relative amounts of
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OH(1-Xop.~) and NH(1-X,..4n) species under experimental
conditions used in Brgnsted acid catalyzed reactions. Dilution
experiments with 1-2 showed no influence of the absolute
concentration on the ratio of OH(1-Xgp..n) to NH(1-Xq..1n)
within the experimentally accessible concentration range (for
data, see the Supporting Information). In contrast, integration
of the '"H NMR signals of the different species in 1-2, 1-3, and
1-4 at different temperatures showed pronounced temper-
ature effects on the relative amounts of OH(1-Xpy..n) and
NH(1-Xo.qqv) (Figure 4).2% Tn all samples, exclusively linear
temperature dependencies were observed within the whole
temperature range, in which integration was possible because
of sufficient chemical shift dispersion.

Figure 4 shows that in general at low temperatures, the ion
pairs NH(1-X,.4y) are stabilized, whereas at increasing
temperatures, the hydrogen-bonded complexes
OH(1-Xop..n) become favored. This effect might be explained
by additional stabilizing cation—mt interactions with the
aromatic rings as flexibility is decreased??? and/or improved
electrostatic compensation in higher aggregated complexes.
Both hypotheses are experimentally corroborated by the
considerably higher hydrodynamic volume of NH(1-24..4y)
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Figure 4. Extrapolation of the temperature dependence of the amounts
of OH(1-Xgn.n) and NH(1-Xg_nn) in @) 1-2; b) 1:3; ¢) 14
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relative to that of OH(1-2¢y;..y) (see the Supporting Informa-
tion). In detail, for 1-2 and 1-3, different ratios of ion pairs to
hydrogen-bonded complexes but similar temperature-depen-
dent slopes were detected (see Figure 4 and Table 1). Samples
12 and 1-3 have deviating hydrogen-bond strengths but
identical aromatic substituents. Thus, the relative amounts of
OH(1-Xpp.n) and NH(1-Xo.y) at 220 K fit well with the
hydrogen-bond strengths, and the similar slopes seem to be
caused by the identical aromatic substituents and their —m
interactions.”>?* In contrast, in 1-4 with the electron-with-
drawing CF; substituent, the decrease in the amount of
NH(1-45.yn) and the increase in the amount of OH(1-4¢y..)
with increasing temperature are much stronger than for 1-2
and 1-3. These significantly steeper slopes might be caused by
stronger intermolecular m—m interactions of the electron-
deficient aromatic ring of the imine, for example, with the
electron-rich solvent toluene. The strong increase in the
amount of the NH(1-4,,..y\) species at very low temperatures
seems to indicate that either these m—m interactions or cation—
7 interactions enable partial electron transfer to the imine.
This interaction may enhance the basicity of the imine, in
analogy with the well-known concept of charge-transfer
complexes. This interpretation in terms of intermolecular
interactions is in accordance with the rapid loss of such
interactions at slightly elevated temperatures, because it is
estimated that above 260 K exclusively OH(14oy..n) i
present (Figure 4c). We therefore concluded that the OH
species is the reactive intermediate for this particular
substrate.

In summary, we have been able to demonstrate that NMR
spectroscopy is the method of choice to clearly distinguish
between the activation modes of hydrogen bonding and ion
pairing in Brgnsted acid catalysis. Before this study, it was
assumed that full protonation of the imine resulted in the
formation of an ion pair, which would subsequently react with
a nucleophile. However, our experiments clearly show that
besides ion pairing, hydrogen bonding exists. The relative
hydrogen-bond strength in OH(1-X¢y..n) (2 >3 >4) and the
relative amount of OH(1-Xy.N) at room temperature (4>
3~2) show that both hydrogen-bond strength and the
amount of the OH species are decisive for the reaction.
Furthermore, the ratio between hydrogen bonding and ion
pairing (OH, NH) can be manipulated readily by simply
introducing substituents with different electronic properties.
These results provide insight into the different activation
modes in Brgnsted acid catalysis and are expected to guide
the development of more efficient catalytic systems.
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