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ABSTRACT: Hydrogen bonding plays a crucial role in Brensted acid g
catalysis. However, the hydrogen bond properties responsible for the )
activation of the substrate are still under debate. Here, we report an in depth N
study of the properties and geometries of the hydrogen bonds in (R)-TRIP Vo
imine complexes (TRIP: 3,3'-Bis(2,4,6-triisopropylphenyl)-1,1’-binaphthyl- 4
2,2'-diylhydrogen phosphate). From NMR spectroscopic investigations 'H J
and "N chemical shifts, a Steiner—Limbach correlation, a deuterium isotope

effect as well as quantitative values of 'Jyyy My and oy were used to \
determine atomic distances (roy, r'np Ino) and geometry information. '3 &-
Calculations at SCS-MP2/CBS//TPSS-D3/def2-SVP-level of theory i imeas, ze \
provided potential surfaces, atomic distances and angles. In addition, scalar -
coupling constants were computed at TPSS-D3/IGLO-III. The combined §0OHN) T — ——

experimental and theoretical data reveal mainly ion pair complexes

providing strong hydrogen bonds with an asymmetric single well potential. The geometries of the hydrogen bonds are not
affected by varying the steric or electronic properties of the aromatic imines. Hence, the strong hydrogen bond reduces the
degree of freedom of the substrate and acts as a structural anchor in the (R)-TRIP imine complex.

B INTRODUCTION

Hydrogen bonding impacts the energetics and structures of
molecules as well as the reactivity and stereoselectivity of their
reactions and is therefore of utmost significance in nature.’
Nowadays, hydrogen bonding is more and more recognized by
chemists as potential activation mode for electrophilic
substrates such as carbonyl compounds or imines in the field
of asymmetric catalysis.”~* A “privileged class” of asymmetric
Bronsted acid catalysts constitute BINOL (1,1’-binaphtol)
derived phosphoric acids, which were introduced by Akiyama
and Terada>~’ and found applications in a wide pool of
reactions with imines as substrates, including Mannich
reactions, cycloadditions, aza-ene-type reactions, hydrocyana-
tions and transfer-hydrogenations.”® Especially, for the
asymmetric reductions of imines with Hantzsch 1,4-dihydro-
pyridine ester 1 this class of chiral phosphoric acids provides
high stereoselectivities and yields as, e.g, published by the
groups of Rueping,”'’ List'' and MacMillan.'* The proposed
catalytic cycle for this asymmetric reduction is shown in Figure
1a.>”"" The phosphoric acid protonates the imine and forms a
chiral hydrogen bond assisted ion pair, which reacts
subsequently with the Hantzsch ester 1 to form the chiral
amine. Several DFT studies of the groups of Himo and
Goodman addressed the issue of enantioselectivity in this
catalytic reaction.*™'

They proposed a fast acid—base equilibrium between imine
and catalyst followed by an E/Z isomerization of the iminium
ion. Next a ternary complex is formed between the ion pair and
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Figure 1. (a) Catalytic cycle proposed for the Bronsted acid catalyzed
enantioselective reduction of imines with Hantzsch-1,4-dihydropyr-
idine ester 1.”"" (b) Experimental observables used in this study to
characterize the hydrogen bond interaction in (R)-TRIP imine
complexes.

the Hantzsch ester, which is stabilized by an additional
hydrogen bond between the NH of the Hantzsch ester and
the phosphoric acid. The absolute stereochemistry of the
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product and the enantiomeric excess (e¢) is then determined by
the relative energy of the ternar?f transitions states of the E and
Z iminium ion, respectively.*~"

Furthermore, a detailed experimental study was published by
Tang et al, regarding the basis of enantioselectivity in the
Bronsted acid catalyzed reduction of imines with gaseous H, as
reduction agent and an achiral iridium complex as cocatalyst.®
Again, a ternary complex and the corresponding transition
states were proposed to be responsible for the stereo-
discrimination.

However, in the whole field of Brensted acid catalysis
detailed experimental data providing structural insights are
extremely rare. Thus, so far not even the hydrogen bond
situation in the binary ion pair intermediate has been clarified.
The concept of full protonation of basic substrates such as
imines by acidic catalysts—often proposed by synthetic
chemists and theoreticians—is an oversimplification and an
extreme point of view as noted by Toste et al.* For example,
purely hydrogen bonded complexes were proposed in a
computational and NMR spectroscopic study of the activation
of N-Boc protected imines by a chiral phosphoric acid.'®
Furthermore, in a preceding NMR study of our group
investigating achiral diphenylphosphoric acid (DPP) imine
complexes, both hydrogen bonded complexes and ion pairs
were proposed to coexist in solution.'” There, a typical
temperature dependent ratio was observed, high temperatures
favor hydrogen bonding, whereas at low temperatures ion pairs
are more stabilized."” Contrary results were obtained studying
complexes of DPP with 2-methylquinoline at elevated temper-
atures.”” There, ion-pairing was found to be the dominant
interaction motif*>° However, to our knowledge detailed
experimental studies about the hydrogen bond properties in
ketimine complexes with the chiral phosphoric acids have not
been reported so far.

Therefore, in this work we present the first detailed, NMR
based experimental investigations on the hydrogen bond
activation of imines by chiral phosphoric acids. The hydrogen
bonds in these binary catalyst substrate complexes were
experimentally characterized by 'H, N chemical shifts and
trans hydrogen bond scalar couplings. From the chemical shifts
the individual atomic distances (roy, rng, I'no) Within the
hydrogen bonds were derived and the *"Jpy; and ®Jpy scalar
couplings give information about the angles (Figure 1b). These
detailed experimental data are compared with high level
theoretical calculations about the atomic distances, scalar
couplings of the hydrogen bonds and structures of the binary
complexes. This reveals not only unprecedented insights into
the hydrogen bond activation of Brensted acid catalysis but also
the limitations of both experimental and theoretical models.

B RESULTS AND DISCUSSION

Model Systems. (R)-TRIP 3,3'-bis(2,4,6-triisopropylphen-
yl)-1,1’-binaphthyl-2,2’-diylhydrogen phosphate was chosen as
catalyst, because structural information based on NOE data was
available for some (R)-TRIP imine complexes (see below).”" In
addition, imines with different steric and electronic properties
were selected (Figure 2) to rationalize the influence of the
substrate on the hydrogen bonding properties of the ion pairs.
Furthermore, tetrafluoroboric acid, was selected to mimic
purely ionic complexes. Acetic acid (AcOH), trimethyl acetic
acid (TMA) as well as phenols (4-chlorophenol, 4-nitrophenol,
3,5-dichlorphenol, 3-(trifluoromethyl)phenol) were chosen to
form strictly neutral hydrogen bonded complexes. The
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Figure 2. Model systems for hydrogen bond studies; Bronsted acid
catalyst (R)-TRIP and other acidic compounds were used as donors;
all imines 2 — 11, tested as acceptors were 98% '*N enriched to enable
the detection of AS"*N and *py.

preparation of '*N-labeled imines and representative methods
for sample preparation are described in the Supporting
Information. All acid imine and phenol imine complexes were
investigated in CD,Cl, and/or freonic mixtures by NMR
spectroscopy, because in these solvents the best NMR
properties were detected in terms of chemical shift dispersion
and line widths (for spectra in toluene see Supporting
Information). Extremely low temperatures between 180 and
130 K were used to reach the slow hydrogen bond exchange
regime. These low temperatures in combination with the
selection of phosphoric acids and up to 98% '*N enriched
imines allowed for the detection of *J,; and *"Jpy as sensors
for hydrogen bond angles and atomic distances.”
Computational Details. The binary complexes consisting
of (R)-TRIP and imines 3—5 and 8 were chosen as models in
the theoretical calculations. The structures are optimized at RI-
DFT level of theory using meta-GGA functional TPSS-D3 with
def2-SVP basis set in the gas phase and in the continuum of
dichloromethane (SMD model).”>™** A dielectric constant of
16.2 was used to simulate the low temperature measurement at
180 K. Bond parameters (distances and angles) were averaged
over large conformational space (due to isopropyl rotation)
according Boltzmann distributions at 180 K. The final free
energies of the conformations were evaluated at SCS-RI-MP2/
CBS level of theory (for extrapolation procedure see
Supporting Information).”® Solvation energies were added
subsequently to the Gibbs free energy using SMD solvation
model at 180 K in dichloromethane. The 'H and "N chemical
shifts, respectively the scalar coupling constants ('Jyy, oy and
3 on), were computed at TPSS with IGLO-III basis set using
the complete model, respectively the reduced model.”” The
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2,4,6-triisopropylphenyl groups were replaced with hydrogens,
and subsequently subjected to frozen optimization. For the
geometry optimization, free energy of solvation and scalar
coupling constant calculation Gaussian09 version D.01 was
used. For single point calculation ORCA3.0.3 was used.”**’
Detection and Characterization of Hydrogen Bonds
by NMR. For most of the chiral phosphoric acid imine
complexes ((R)-TRIP 2—11), two main ion pair species were
detected representing hydrogen bridged ion pairs with E and Z
configured imines. Therefore, in the following this general
pattern and its assignment is described exemplarily on the
hydrogen bonded complex of (R)-TRIP and § in CD,Cl, at
180 K (Figure 3). For (R)-TRIP-SE and (R)-TRIP-5Z the
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Figure 3. (a—c) Sections of the 'H, ""'N-DEPT-135 and *'P spectra of
a 1:1 complex of (R)-TRIP and 5 (CD,Cl, 180 K, 600 MHz), clearly
showing the coexistence of both E and Z complexes; (d) chemical
shifts of (R)-TRIP-5E/Z; (e) chemical shifts of unbound .

proton in the hydrogen bond is detected at 16.47 and 16.75
ppm, respectively (Figure 3a). Such chemical shifts larger than
16 ppm are usually observed for hydrogen atoms in “strong” or
“low-barrier hydrogen bonds”."*>*' Both signals are doublets
with ']y coupling constants of 79.7 and 81.2 Hz showing the
covalent connectivity to '*N and the existence of an ion pair
structure (for further support see 'H,""N-HMQC spectra in the
Supporting Information).'” The E and Z configurations of the
imines were assigned based on *Jyy couplings constants
between N of imine and methyl protons and as well as by
NOESY measurements (for details see Supporting Informa-
tion). The ionic character of both isomers is further
corroborated by the significant high-field shift of the "N
resonances to 206.7 and 209.2 ppm for E and Z, respectively
(Figure 3b and d), compared to the free base 5 at 321.0 ppm
(Figure 3e); A" N > 110 ppm), which is a clear indicator for
the proton transfer to the lone pair of the nitrogen.”” Also the
C low field shifts of the imino groups (A5 ~ 13.7 and AS ~
16.0 ppm for E and Z, respectively; see Figure 3d and e)
corroborate this analysis.*>**

For (R)-TRIP imine complexes the large 'Jyy coupling
constants, the significant high field shift of the '*N resonances
upon complex formation and the refined spectroscopic and
theoretical analysis of the data (see below) indicate a strong
preference for the ionic hydrogen bond"** (Figure 3d) except
for imine 7, in which the two CFj-groups significantly reduce
the basicity. The hydrogen bonded complex can be involved in

association/dissociation equilibria with the isolated molecules
or the separated ion pairs.’*™** In case of imines with low
basicity (e.g,, 4 or 7) or in the presence of an excess of imine a
separated N signal of the free non protonated imine is
observed at 180 K, which is in slow exchange with the imine in
the complex.

Considering our experimental conditions (e.g, low temper-
atures and the noncoordinative CD,Cl, as solvent) and the
estimated strength of the formed hydrogen bonds (>70 kJ/
mol)," the formation of solvent separated ion pairs in (R)-TRIP
complexes is negligible.”” This is substantiated by detection of
large "y and "y coupling constants (see below).”” Thus,
the 'H and "N chemical shifts observed for the binary
substrate complexes of (R)-TRIP with the imines at 180 K are
the “intrinsic” chemical shifts of the individual hydrogen
bonded species and can be used for the analysis of the
hydrogen bond situation of these complexes.’>*"

Hydrogen Bond Analysis Based on 6'H, 6'°N and "Jy,.
In 'H NMR spectra, chemical shifts above 16 ppm are usually
observed for hydro%en atoms in “strong” or “low-barrier
hydrogen bonds”."*””" According to literature the formation of
strong hydrogen bonds is associated with a “proton-transfer
reaction” > between hydrogen bond donor and hydrogen
bond acceptor. The progress of the proton transfer is
dependent on the acidity of the hydrogen bond donor and
the basicity of the acceptor, and as well as the polarity of the
solvent."**%3%*> Therefore, empirical correlations of 'H
“{6(OHN)}” and N “{6(OHN)}” chemical shifts, as well as
Taa “{'J(OHN)}” coupling constants with the atomic
distances can be used to determine the position of the proton
inside the hydrogen bond, as previously developed by Limbach
and Denisov in their studies of OHN hydrogen bonds in
pyridine acid complexes (egs 1—5).*>*"**** Using an extended
set of complexes with varying acidic and basic properties of
their hydrogen bond donors and acceptors, the proton position
within the hydrogen bond can be varied stepwise. There, the
parabolic dependence of §(OHN) on §(OHN) was used to
determine the valence bond orders pOH" and pNH" by
employing the empirical correlations presented in eqs 1-2.

5(OHN) = 6(OH)’ply, + 6(HN)pyp, + 48(OHN)pT,
H
Pun (1)
S(OHN)™ = 8(N)’pl + S(HN)’p/ + 45(OHN)p!

Pia @)

Furthermore, they proposed a correlation between J(OHN)
and the valence bond orders as well.*>*"*>**

J(OHN) = J(HN)’p;\, — 8J(OHN)(p5, )iy (3)

The determined pOH" and pNH" for a hydrogen bond are
then consulted to derive the corresponding atomic distances
(romy Inm, Ino) according to eqs 4—S.

P = exp{ _(”NH - ’;IH)}
NH bny ©))

b = exp{ —(rom — VE)H)}
OH bOH (5)
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For a detailed explanation of the empirical equations and
constants applied in this study for the acid imine complexes see
Supporting Information. To enable a reliable parametrization of
the constants {§(OH)°% 6(HN)?%; §(HN)% 6(N)°; J(HN)®
S5(OHN)*; 5(OHN)*, 'J(OHN)*} used in egs 1-3, it was
necessary to cover a wide range of the valence bond orders
pOH" and pNH". Hence, the database was extended from (R)-
TRIP imine complexes with “strong” hydrogen bonds to ionic
and neutral acid imine complexes with “moderate” hydrogen
bond strength."”*>*" As mentioned earlier, for the strictly ionic
acid imine complexes, tetrafluoroboric acid was selected, which
was already used in our previous study."

Acetic acid (AcOH) and trimethylacetic acid (TMA) as well
as several substituted phenols were selected for the strictly
neutral acid imine complexes. The plot of §(OHN)™ against
S5(OHN) of all acid imine complexes is shown in Figure 4.
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Figure 4. Plot of §(OHN)™ against the S(OHN) of the hydrogen
bonded complexes; (a) (R)-TRIP with 2 — 11; (b) HBF, with 3 and
5; (c) carboxylic acids and phenols with 3 and §; the "N chemical
shifts of all complexes are referenced to 7 {§(OHN)™ = §(OHN) —
340.8 ppm}; spectra corresponding to the different hydrogen bond
types are shown in Figure S; for details see Supporting Information.

Representative 'H and '*N spectra related to the different
hydrogen bond types are shown in Figure S. In strictly ionic
complexes with “moderate” hydrogen bonds (HBF,-3, HBF,-5)

S5(OHN) values between 12 and 13 ppm and high values of
"Jxu about 92.6 Hz are observed indicating a complete proton
transfer reaction and therefore short ryy (Figure 4b, Figure
5b)." With decreasing acidity of the hydrogen bond donor (R)-
TRIP and decreasing basicity of the acceptor (§ >3 >2 > 11 >
4 > 7) the proton is shifted toward the center of the hydrogen
bond, which is interpreted as an increase of strength of the
hydrogen bond (Figure 4a; Figure Sa)."*>*' In the case of (R)-
TRIP-7E, the proton is even shifted beyond the maximum
indicating a decrease of the hydrogen bond strength and a
considerable population of the neutral hydrogen bonded
complex. In the predominant ionic complexes high proton
chemical shifts are observed from 16.47 ppm ((R)-TRIP-SE) to
18.85 ppm ((R)-TRIP-7Z) in combination with reduced
absolute 'Jyy coupling constants from 82.2 Hz ((R)-TRIP-
SE) to 60.6 Hz ((R)-TRIP-7Z). In contrast, for the neutral
hydrogen bonded complex (R)-TRIP-7E a reduced 'Jyy
coupling constant (42 Hz at 170 K) was observed, which is
in full agreement with the trend in the Steiner—Limbach
correlation curve. Continuing to the less acidic donors AcOH
and 4-chlorophenol the proton is now shifted further on,
toward the oxygen atom (Figure 4c, Figure Sc). This leads
again to a weakening of the hydrogen bonds, visible by the high
field shift of the proton signal at 11.81 ppm for 4-chlorphenol
5. Now with the proton close to the oxygen, the splitting due to
the 'Jyy coupling vanishes. In contrast, the N resonance of
the hydrogen bonded complexes is shifted continuously from
182.2 ppm for HBF,-SE over 230.2 ppm for (R)-TRIP-4Z to
299.7 ppm for 4-chlorophenol*5 (Figure Sa—c).

A satisfying curve fit of the data points was achieved,
employing eq 1 and eq 2 (Figure 4, red curve; for details and
fitting parameters see Supporting Information). The observed
parabolic dependence of §(OHN) on S§(OHN) is in good
agreement with the previous investigations on pyridine-acid
complexes by Limbach and co-workers.”>*" For (R)-TRIP
imine complexes the continuous progression of the data points
on the correlation curve is indicative for a strong hydrogen
bond and excludes a tautomeric equilibrium between two
proton positions in a classical double well potential (data points
on two intersecting straight lines).* Regarding the 'Jyy
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Figure 4; (a) (R)-TRIP imine complexes; (b) HBF,-3 and HBF,-5; (c) AcOH-$ and 4-chlorophenol-5; for the '*N spectra of (R)-TRIP-7, (R)-
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R-TRIP-7 signals of ((R)-TRIP)2X complexes are observed;*>* a list of S(OHN) and §(OHN) of the individual complexes is provided in the

Supporting Information Table S9—S12.
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coupling constants of the investigated Brensted acid imine
complexes, a good characterization by the valence bond model
is achieved as well, shown by the plots of 'J(OHN) against
S(OHN) and 6(OHN) (see Supporting Information). The
magnitude of the measured coupling constants (60.6—82.2 Hz)
reflects again the above-described predominant ionic character
of the (R)-TRIP imine complexes and the signitifcantly reduced
value of (R)-TRIP-7E (42—46 Hz) corroborates the shift
toward neutral hydrogen bonds.

On the basis of the 5(OHN) of the Bronsted acid imine
complexes (see Table S9—12 in the Supporting Information)
and the fitted correlation curve (Figure 4), the bond orders
pOH™ and pNH" of the individual (R)-TRIP imine complexes
were obtained (see Supporting Information Table S13). Next
eqs 4—S5 are used to determine the atomic distances rqoy, Iy
and ryo. These experimentally derived values for ryy and rgoy,
are depicted in Figure 8 and discussed below together with the
results from the theoretical calculations. For all values including
Iyo see Table S13 in the Supporting Information. All hydrogen
bond distances are in the range of strong OHN hydrogen
bonds' and vary between 111 and 136 pm for ryy, 114—146
pm for roy, and 249—257 pm for ryo. In addition, the obtained
average proton donor distances—in the case of (R)-TRIP
complexes rogy—below 160 pm indicate the partial covalent
character of the formed hydrogen bonds.*>*°

Comparison of NMR Data and Theoretical Calcula-
tions. lon Pair Structures. Next the results of this study were
correlated with our recent NMR spectroscopic and computa-
tional study regarding the general structures of (R)-TRIP
complexes with the aromatic imines (3—5) to gain further
insight into the hydrogen bond interaction.”' In general two
binding modes of E/Z-imines and catalyst (R)-TRIP are
theoretically possible, which are stabilized by dispersive
interactions.

For E-imines (3—5) theoretical calculations showed that the
orientation, in which the para-substituted ketone moiety
reclines on the chiral BINOL aromatic surface is majorly
populated for all aromatic imines investigated (Figure 6a).
However, initial experimental and theoretical structural studies
with short aliphatic imines (2 and 8) and doubly substituted
imines”' indicate the second orientation with a 180° rotated
imine (structure not shown) to be also populated. In case of Z-
imine complexes ((R)-TRIP-3—5) also, NOESY spectra predict
that the two binding modes in the complex to be populated.
The most stable one is depicted in Figure 6b.”' Furthermore,
'"H spectra, which showed only one averaged signal set for the
protons at the BINOL moiety, suggested that the Z isomers of
the (R)-TRIP imine complexes are extremely dynamic even at
very low temperatures. The theoretical calculations predicted
that both orientations differ only by 4.5—6 kJ/mol. It is very
likely that the compact structure of Z-imines allows the rotation
and translation of the imines in the binary complex.”’
Fortunately, the actual interpretation of the hydrogen bonds
is not affected by this structural diversity, because the
geometries of the hydrogen bonds are extremely similar in
both conformations. For further discussion of hydrogen bond
geometry (atomic distances and angles) and the interpretation
of scalar coupling constants ("Jxy, "o, *Jpn), only Boltzmann
averaged values over two orientations and the isopropyl
rotation were considered.

Potential Surface of the Hydrogen Bond Complexes. The
theoretical calculations showed that the alteration of hydrogen
bond situation strongly depends on the dielectric medium, in

for  159.8
fw  107.6
APOH 119.4°
X OHN 167.4°

fow 154.2
e 108.2

24 POH 116.6°
4 OHN 179.0°

Figure 6. Global minima of (R)-TRIP-5 in CD,Cl, at 180 K (¢ =
16.20), optimized at DFT level of theory (for computational details
see Supporting Information); (a) (R)-TRIP-SE; (b) (R)-TRIP-5Z.

which the complex is simulated (Figure 7a—c). In the gas
phase, ion pair- and neutral hydrogen bond-complexes are true
minima (Figure 7a). Without any solvent correction, the latter
is thermally more stable (ca. 8—13 kJ/mol) and therefore
almost exclusively populated. However, the solvent correction
at 180 K (e = 16.20) to the gas phase structure (nonrelaxed)
leads to a significant stabilization of the charge separated
contact ion pair minima and inverts the population (Figure 7b).

After the relaxation in the continuum, the minimum of the
neutral hydrogen bonded complex even disappeared and the
potential surface becomes an asymmetric single well potential
(Figure 7¢).¥” Furthermore, weaker hydrogen bonds are
calculated indicated by longer roy and ryo as well as shorter
ryg values (for roy and ryy see Figure 8). However, the
calculated atomic distances of the solvent relaxed structures are
still in the range of strong OHN hydrogen bonds (ryo < 265
pm, for details see Supporting Information).”’

From the experimental data available, it is difficult to assess
whether the second minimum of the neutral hydrogen bond
really disappears in solution at 180 K. The most indicative
parameter for a single well or double well potential is the
deuterium isotope effect.’** For (R)-TRIP-3,5E a small
positive isotope effect was measured ((R)-TRIP-3E AS-
(*H-*H, 180 K, CH,Cl,) = 0.15 ppm, ((R)-TRIP-SE
AS("H-?H, 180 K, CH,ClL,) = 0.27 ppm, for spectra see
Supporting Information), while a slightly larger isotopic effect
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Figure 7. (a) Schematic gas phase potential energy profiles of (R)-
TRIP/imine complexes. (b) Schematic solvent corrected (in DCM
180 K, nonrelaxed) potential energy profiles of (R)-TRIP/imine
complexes. (c) Relaxed scan over roy of the complexes in DCM
continuum at 180 K (e = 16.20).

was obtained for (R)-TRIP-4E (A§('"H—*H, 180 K, CH,Cl,) ~
0.36 ppm). The slightly larger value for (R)-TRIP-4E could be
caused by a flattened shape of the potential surface along the
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Figure 8. Comparison of the experimentally derived and calculated
g and 1oy distances of (R)-TRIP-3—5 and (R)-TRIP-8.

proton transfer coordinates and a vibrational motion of the
proton near to the flattened surface,”® and is in agreement with
its potential energy profile (see Figure 7c). The effects of the
flattened surface and the dynamic motion of the proton near to
the surface are further supported by the considerable deviation
between experimental and theoretical values of 'Jyy in (R)-
TRIP-4E (see discussion below). Furthermore, complexes with
less basic imines and considerable contributions of neutral
hydrogen bonds such as (R)-TRIP-7E let expect the existence
of double well potentials. Nevertheless, all accessible exper-
imental isotope effects so far are in agreement with an
asymmetric single well potential as shown in Figure 7¢.*®

Validation of Theoretical Models Based on Atomic
Distances, 'Jyy, and Chemical Shifts. To further validate the
applicability of the different theoretical models for the
interpretation of the experimental data, next the theoretically
calculated atomic distances were compared with those derived
from the “Steiner—Limbach correlation” (Figure 8) for the
normal case, the predominantly ionic complexes. The
calculated distances of the contact ion pairs in the gas phase
are very close to the values derived from the “Steiner—Limbach
correlation”, which was at first glance very surprising. However,
it is known that in the previous work of Limbach and co-
workers®>*" the parameters and constants (ror°, txi’s bom
bay) were fitted with a solid state data set'” and compared to
gas phase data.

To circumvent potential systematic offsets connected with
indirectly derived NMR parameters, next 'Jyy coupling
constants as directly measurable values were selected.

Experimental 'Jyy; values between 68.6 Hz—82.2 Hz indicate
the predominant occupation of the ion pair minimum.
Therefore, in the following discussion of the theoretical values
the limiting case of exclusive population of ion pairs was
assumed, ie. exclusively the values of the contact ion pair
minima are considered even in the gas phase. Our results show
that using the gas phase structures even for the exclusive
interpretation of the ion pairs, the calculated 'Jyyy values are
significant smaller than the directly measured coupling
constants (red bars in Figure 9, for details see Supporting
Information). By the application of solvent relaxed structures a
significant improvement was achieved in the prediction of the
"Jxu coupling constants for E and Z complexes of (R)-TRIP-
3,5,8 (blue bars in Figure 9).

In these cases the absolute deviation between experiment and
calculation is mostly marginal and amounts to ~2 Hz (Figure
9). Therefore, the relaxed structures in the solvent model are
considered to represent the experimental condition/observa-
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isomers were Boltzmann averaged over the two experimentally
observed conformations, see text.

tion more realistically and are used for the further discussion.
The only significant deviation (8.8 Hz for E) is obtained for
(R)-TRIP-4E, which provides the strongest/shortest hydrogen
bond due to the electron withdrawing CF; substituent in the
imine 4 (Figure 9). A partial decoupling of the 'Jyy due to
chemical exchange with the unbound imine would be a
potential explanation for the reduced Jy;; values. However, an
experiment with 2-fold excess of 4 revealed, that neither the
chemical shift nor the observed 'Jyy are affected significantly
(see Supporting Information). This excludes a significant
influence of chemical exchange on the 'y under our
experimental conditions. (R)-TRIP-4 is the complex with the
highest probability of a population of the neutral hydrogen
bonded complex (see discussion about the potential above and
Figure 7c). Now this reduced 'Jy scalar coupling constant can
be an indication for the existence of a second minimum for the
neutral hydrogen bonded complexes in solution. The next
probable explanation is that the low basicity of 4 leads to a
significant delocalization of the proton within the asymmetric
single well potential. These dynamic motions of the proton can
only be reproduced by dynamic calculation, which would be
extremely costly for a system of this size. Both scenarios are in
principal possible; however our current interpretation of
isotopic effect favors the asymmetric potential picture as
depicted in Figure 7c. In summary the application of the
Steiner—Limbach correlation based on the chemical shifts and
xu coupling constants confirm the formation of strong
hydrogen bonds in the (R)-TRIP imine complexes and the
predominance of the contact ion pair structure. For (R)-TRIP
complexes with highly basic imines theoretical and exper-
imental data indicate an asymmetric single well potential. The
comparison of the atomic distances reveals that the classical
Steiner—Limbach correlation reproduces the distances of the
gas phase structures. However, the comparison of the “direct”
observables !Jyy with the different theoretical models
demonstrates that the solvent relaxed structures resemble the
experimental data the most, which was also corroborated by the
analysis of the 'H,’SN chemical shifts and NBO*® (for details
see Supporting Information). Despite of this substantial

16351

improvement, the large deviation between the calculated and
experimental values for (R)-TRIP-4E demonstrated somewhat
the limit of the applied theoretical treatment, which failed to
describe either the correct shape of the potential surface or the
dynamic motion of the proton in extreme cases.

The described offset in combination with our theoretical data
about the solvent relaxed structures can now be used to
introduce a solvent correction term (see eq 6) in the empirical
correlation between chemical shifts and atomic distances for
phosphoric acid imine complexes.”’

e = r)S(tI—eImer—lebach +f501v (Ap) (6)

The solvent correction term depends implicitly on the
experimental condition (e.g., solvent, temperature) and
explicitly on the bond order difference (Ap = pOH" —
pOH") from the Steiner—Limbach model. This difference in
bond order indicates the strengths of the hydrogen bond, the
position in the Steiner—Limbach curve and the sign of the
correction term to be applied. By considering the parabolic
form of the Steiner—Limbach curve, the correction term should
be larger with stronger hydrogen bond character and
approaches a maximum with the strongest hydrogen bond.
Therefore, Gauss-functions were applied for the correction
term (see eq 7 and for fitting procedures Supporting
Information).

fsolv(Ap) =AX Sign(pOH - pNH)eXP(_B

X (pOH _pNH)Z) +C (7)

The constants A, B and C were obtained via fitting to the
available theoretical data (for data see Supporting Information).
Accordingly, the corrected empirical values are now very close
to the predicted values in the solution phase (see Figure 8). A
first cross validation of this solvent correction term derived
from the TRIP complexes on a binary complex using another
catalyst ((R)-3,3’-Bis(3,5-bis(trifluoromethyl)phenyl)-1,1’-bi-
naphthyl-2,2"-diyl hydrogen phosphate)’ and 3E provided
only marginal offsets (deviation without correction: 2.1 pm
for NH bond distance, respectively 6.1 pm for OH bond
distance; with correction: 0.7 pm for NH bond distance,
respectively 2.1 pm for OH bond distance) between the
empirical value and the solvent relaxed structure. This suggest a
general applicability to phosphoric acid imines complexes,
however the full potential will be subject to further studies.

Analysis of Hydrogen Bond Geometry Based on *'J,,, and
3h Jon, Trans-hydrogen bond scalar couplings can serve as
valuable sensors for changes in hydrogen bond geometry.””
Therefore, next calculated and measured *"Jp;; and 3",y scalar
couplings®* (Figure 1b) were interpreted to get insight into the
geometrical properties of the hydrogen bonds in (R)-TRIP
imine complexes. In all calculated (R)-TRIP imine structures
nearly linear hydrogen bonds were found (see Figure 6 for (R)-
TRIP-5), which is expected for strong hydrogen bonds." The
calculated angles (POH, OHN) and dihedral angles () vary
only insignificantly between gas phase and solvent relaxed
structures. Furthermore, there are only minor deviations
between the imines 3—35 and 8, regarding the POH and
OHN hydrogen bond angles (for data, see Supporting
Information). The *Jpy couplings between the NH protons
and *'P were measured qualitatively by 1D/2D 'H,*'P-HMBC
spectra and 3D HNPO spectra and quantitatively by spin echo
difference experiments as reported previously>® (for spectra and
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pulse sequences, see Supporting Information). The sign of the
Moy and oy scalar couplings was not determined and
therefore only absolute values are stated. Figure 10 shows a plot
of the 'H chemical shift of the hydrogen bonded proton
5(OHN) against the experimental *"J,y; coupling constants.
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Figure 10. Plot of '/, values versus (OHN); experimental values
black and cyan (180 K, except (R)-TRIP-8 200 K and (R)-TRIP-4 170
K); calculated, Boltzmann averaged values of (R)-TRIP-3,4,5,8
magenta.

With increasing §(OHN) a continuous decrease of the
is observed (from 2.99 + 0.19 Hz for (R)-TRIP-5Z, CD2CL2,
180 K to 1.64 + 0.07 Hz for (R)-TRIP-4E, 170 K, Freon). In
general, slightly smaller values were measured for the
complexes in Freon mixtures, which is in agreement with the
higher 'H chemical shifts indicating a stronger hydrogen bond.
From lzorotein nucleotide complexes®® and their model
systems”> the *Jpy angle coupling constant is known to
depend on ryo and the POH angle. Considering the small
variance of the POH-angles in our system ((R)-TRIP-3—5,8E
117°-118° and (R)-TRIP-3—5,8Z 115°—117°), the observed
decrease of the ®Jpy; should be connected with the increasing
hydrogen bond strength and therefore decreasing roy (see
above) and ryo (see Supporting Information). In the study of
Briischweiler et al. increasing oy values are predicted for
decreasing ryo. In our (R)-TRIP imine systems the opposite
trend is observed. Therefore, the *Jpy coupling constants of
(R)-TRIP-3—5,8 in CD,Cl, were calculated for the ion pair
minima. First of all, the calculated 2"y values successfully
reproduce the order of the magnitude of the experimental data
(Figure 10). However, the trend in the experimental data, i.e.,
decreasing o with increasing hydrogen bond strength could
not be found. Considering the discussion about the 'Jy; scalar
coupling constants of (R)-TRIP-4, any effect of a population of
the neutral hydrogen bond or vibrational effects should also
affect the corresponding *Jpy data. The calculations reveal a
negative sign for [, coupling constants similar to previous
studies of protein nucleotide complexes””>* and a positive sign
for 2Jpy for the neutral hydrogen bonded complex. Thus, both
a small population of the neutral hydrogen bonded complex as
well as vibrations of the proton toward oxygen should result in
reduced scalar coupling values as detected for (R)-TRIP-4.

Next the 3", coupling constants were investigated to get
insight into the geometric properties regarding the dihedral
angles POHN. The experimental ],y coupling constants are
in the range of ~3.25—2.50 Hz (see Figure 11).
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Figure 11. Plot of "y values versus §(OHN); experimental values
black and cyan (180 K, except (R)-TRIP-8 200 K and (R)-TRIP-4 170
K); calculated, Boltzmann averaged values of (R)-TRIP-3,4,5,8
magenta.

The absolute magnitude of the *Jpy and ®Jpy coupling
constants is significantly larger than that reported by Mishima
et al. for weak hydrogen bonds providing similar POH angles of
around 107° to 120°.>® This can be rationalized by the different
electron density distribution due to the strong and partially
covalent hydrogen bond character in (R)-TRIP imine
systems."**® Also for ',y the calculations were able to
reproduce the order of the magnitude and revealed a negative
sign for 3h . However, both experimental and calculated 3y
values lack a clear dependence on the 'H chemical shifts
(Figure 11). Similar independence of the hydrogen bond
strength was observed previously for 'Jpy in HF collidine
complexes.’® From the calculated structures dihedral angles
POHN around 90° =+ 15° are predicted (see Supporting
Information). Exactly for this range of dihedral an§les the
smallest absolute values and smallest variations of 3"Jpy are
expected. Additionally, the OHN-angles are very linear (165°—
175° for (R)-TRIP E-imine and 170°—180° for (R)-TRIP Z-
imine; see Supporting Information for the complete data).
Thus, the slight decrease of the 2"Jp;; and the stability of Jpy
confirm the marginal variance of the hydrogen bond geometry
found in the calculations.

H CONCLUSION

Thorough NMR and computational investigations of the
activation of imine substrates via hydrogen bonding by (R)-
TRIP, a catalyst with broad applicability in Brensted acid
catalysis, were conducted for the first time. A strong hydrogen
bond constitutes the dominant interaction between (R)-TRIP
and imine. The analysis of its 'H, "N chemical shifts as well as
its 'Jyy values reveals mostly a predominantly ionic character of
the hydrogen bonded complexes. For (R)-TRIP-7E, including
the imine with the lowest basicity, also contributions of neutral
hydrogen bonds were found. Individual atomic distances of the
hydrogen bonds were elucidated by applying a “Steiner—
Limbach correlation” based on 'H, >N chemical shifts, which
are in good agreement with the gas phase structures from the
DFT based calculations, therefore a solvent correction term was
introduced. Indeed, a comparison with 'Jyy values as direct
experimental data demonstrates the solvent relaxed structures
to describe the system more realistic. The continuous shift of
the proton by variation of the imine basicity is indicative for a
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strong hydrogen bond character. Theoretical calculations of the
potential surface reveal a major population of the neutral
hydrogen bond complex in the gas phase and an inverted
population in solution phase. Moreover, in (R)-TRIP-4E/Z, the
complex with the strongest hydrogen bond calculated, the
comparison between theoretical and experimental coupling
constants suggests a potential participation of neutral hydrogen
bond complexes or a strongly delocalized hydrogen atom due
to vibrational motion, which cannot be described by our
theoretical treatment. For the weaker but more neutral (R)-
TRIP-7E complex even a double well potential is expected. The
magnitude of deuterium isotope effect corroborates an
asymmetric single well potential for (R)-TRIP-3—SE com-
plexes. Furthermore, the trans hydrogen scalar couplings >'Jpy
and 2,y were detected via 'H,»P-HMBC and 3D-HNPO
experiments and quantified via spin echo experiments. These
experimental values in combination with structure and coupling
constant calculations give a detailed insight into the spatial
arrangement of the hydrogen bond atoms. Nearly linear
hydrogen bonds are formed with minimal variations within
one structural type independent of the imine investigated. That
means, the variation of the steric and electronic properties of
aromatic imines does not affect the structure as well as the
hydrogen bond geometry. Thus, in the (R)-TRIP imine
complexes investigated, the hydrogen bond acts as structural
anchor in the precatalytic complex.

Preliminary results showed that the product formation is
faster with stronger hydrogen bonds in the precatalytic (R)-
TRIP imine complex. Further investigations about the
formation, stability and the hydrogen bond interaction of
ternary complexes are currently conducted.
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