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A set of 24 annelated derivatives of 4-diaminopyridine (DMAP)
has been synthesized and tested with respect to its catalytic
potential in the regioselective acylation of 1,2-diol substrates.
The Lewis basicities of the catalysts as quantified through
quantum chemical calculations vary due to inductive substitu-

ent effects and intramolecular stacking interactions between
side chain π-systems and the pyridinium core ring system. The
primary over secondary hydroxyl group selectivities in catalytic
acylations of 1,2-diol substrates depend on the size and the
steric demand of the Lewis base and the anhydride reagent.

Introduction

The protection of functional groups plays an important role in
organic synthesis.[1] In most natural products such as sugars or
pharmaceutically important molecules, hydroxyl groups are
present in large numbers,[2] and the selective protection and
deprotection of these groups is thus highly relevant in organic
chemistry.[3] The highly chemo- and regioselective transforma-
tion of hydroxyl groups in polyol systems provides particular
challenges, despite the considerable attention this area has
seen already in the last decades.[4] One of the most prominent
ways to protect alcohols is the Lewis base-mediated esterifica-
tion using a variety of acylation reagents such as acid chlorides,
cyanides or acid anhydrides.[5] Aside from organocatalyst classes
such as isothioureas,[6,7a] phosphanes,[7] amidines,[7a,e] or N-
alkylimidazols,[7a,f] pyridine-based catalysts like 4-dimeth-
ylaminopyridine (DMAP, 1) count among the most often used
Lewis base catalysts for these transformations.[5f,7a,8,9] The
catalytic activity of 1 can be increased through installation of
stronger electron donors at the C4 position as is, for example,
the case in 4-(pyrrolidinyl)pyridine (PPY, 2).[9a,10] A further
improvement in catalytic activity was achieved with tricyclic 4-
aminopyridine derivative 9-azajulolidine (TCAP, 3), where the 4-
amino nitrogen atom is conformationally fixed.[11] A mechanistic
study by Steglich et al.[11] indicated that the stability of the
respective acylpyridinium ions correlates strongly with exper-
imentally measured acylation rates. Further extensions of this

idea led to the more nucleophilic Lewis bases of the 3,4-
diaminopyridine type 4 (R=Ph, Me), which perform quite well in
the acylation of tertiary alcohols.[12] For the chiral catalyst A
employed in kinetic resolution experiments by Fuji et al.[13] it
was demonstrated by 1H NMR analysis (and later confirmed
through quantum chemical studies[14]) that the respective
acylpyridinium intermediate is stabilized by cation-π interac-
tions. Combining these concepts one can envision a class of
intrinsically electron-rich 3,4-diaminopyridine catalysts for the
acylation of alcohols carrying a π-system (or dispersion-energy
donor, DED) side chain of general structure B. Reaction of B
with acyl donor C will generate the acylpyridinium ion D as a
key intermediate of the catalytic cycle. If designed properly this
latter intermediate will be stabilized through stacking inter-
actions between the side chain substituents and the formally
cationic pyridinium core ring system as shown in the “closed”
conformation D in Scheme 1. Subsequent reaction with alcohol
E then completes the catalytic sequence. Whether or not the
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Scheme 1. a) Basic motif of pyridinium Lewis based catalysts. b) Stabilization
of N-acylpyridinium cation intermediate by non-covalent interactions (NCI).
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closed conformation of acylpyridinium intermediate D actually
exists will depend on the type of side chain DED donor as well
as the length of the linker connecting these two units. The
latter aspect is best seen in catalysts 4–6, where the linker
length is systematically increased from n=1 to n=3. For
catalysts of type 7 it is already known that n-alkyl substituents
can influence catalytic activity also through inductive effects.[15]

This also appears to be a factor in the excellent catalytic
performance of 3,4-diaminopyridine catalysts of general struc-
ture 8,[16,17] where derivative 8 b was found to be similarly active
as TCAP (3) and 4 in many transformations. 3,4,5-Triaminopyr-
idines such as 9 appear to be even stronger Lewis bases as
compared to all other compounds shown in Scheme 1, but this
basicity increase does not appear to translate into higher
catalytic reactivity.[12,16] Although the stereoselectivity of Lewis
base-mediated acylation reactions has been studied extensively
(and successfully),[5f,7,18] this is much less the case for regiose-
lective acylations in polyol systems. Noteworthy exceptions
exist for acylations of carbohydrate substrates, where the use of
highly functionalized catalysts based on the PPY substructure[19]

and/or the exploitation of specific hydrogen bonding effects
with selected counter ions[5a,20] lead to selective acylations of
secondary over primary OH groups. We have recently analyzed
the influence of anhydride size and substitution pattern on the
acylation of secondary alcohol G over primary alcohol H
catalysed by the Lewis base TCAP.[21] Exploiting π-π-interactions
between secondary alcohol G and the planar TCAP motif as
well as size effects of the anhydride reagents, it was indeed
possible to steer intermolecular competition reactions towards
preferred acylation of the secondary alcohol G (Figure 1, left
side). The same factors were subsequently also found to impact
the intramolecular competition between primary and secondary
OH groups in 1,2-diols of general structure I (Figure 1, right
side).[22] In absolute terms the regioselectivity of the TCAP-
mediated process was found to be quite moderate in the first
acylation step and then to increase in acylations of the initially
formed monoesters. In kinetic resolution experiments it was

already demonstrated earlier that size effects can have a strong
influence on the enantioselectivity.[18,23] In the present study we
now probe the influence of catalyst structure on the regiose-
lectivity of diols I. More specifically we analyze how the DED
substituents in catalysts of general structure 4–6 impact
regioselectivity and catalytic efficiency. The Lewis basicities of
these catalysts have been quantified by quantum mechanically
calculated acetyl cation affinity numbers.

Results and Discussion

Competition experiments

Catalysts 1–6 and 8 b[24] were first characterized with respect to
their ability to selectively acylate primary or secondary hydroxyl
groups in turnover-limited competition experiments. As a
benchmark reaction we select the acylation of secondary 1-
(naphth-2-yl)ethanol 10 vs. primary 2-(naphth-2-yl)ethanol 11
to the corresponding esters (Scheme 2).[21,25] The relative rate
constant krel reflecting the selectivities of the formation of the
products 12 and 13 is here defined as the ratio between the
effective rate constant k2 for acylation of primary alcohol 11
and the effective rate constant k1 for acylation of secondary
alcohol 10. As acylation reagent 2-methyl-6-nitrobenzoic anhy-
dride 14 was selected due to its comparatively high reactivity
and preference for secondary alcohols identified in earlier
studies.[21–22] Turnover-limited competition experiments were
performed with a 1 :1 mixture of 10 and 11 adding 14 as the
limiting acylation reagent to allow conversions of 20–70%, an
excess of auxiliary base Et3N (15), and 10 mol% of the
corresponding Lewis-base catalysts 1–6,8 b in CDCl3 at +23 °C.
By determining the chemoselectivity at various conversion
points, the relative reaction rates can be determined following
the analysis method established by Kagan et al.[26] for kinetic
resolution experiments (for details see SI). Three different
classes of tricyclic pyridine-based catalysts were synthesized
(Figure 2). The first class 4 a-r contains a tricyclic 3,4-diamino-
pyridine core unit connected via a short CH2-linker (n=1) to a
selection of small (4 a–I, 4 n,o and 4 r) or larger (4 j–m) aromatic
and aliphatic (4 p,q) side chains. The effects of longer linker
units are explored in class II (n=2, 5 a–b) and class III (n=3,

Figure 1. Transition structure for the acylation of 1-(2-naphthyl)ethanol
catalysed by TCAP (3) (left) and proposed transition structure for the
acylation of 1-(2-naphthyl)ethane-1,2-diol catalysed by modified TCAP
catalysts 4–6 (right).

Scheme 2. Turnover-limited competition experiment between alcohols 10
and 11 with anhydride 14 catalysed by Lewis base catalysts 1–6 and 8 b.
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6 a–d), where the attached aromatic side chains can potentially
fold back onto the 3,4-diaminopyridine core unit more easily.
For the sake of comparison we also include the established
catalysts DMAP (1), PPY (2), and TCAP (3) as well as the tricyclic
diaminopyridine derivative 8 b.[12,27]

The acylation of 10 and 11 catalysed with the most
common 4-aminopyridine based catalyst DMAP (1) is a good
reference point with krel=1.44, which indicates that the primary
alcohol 11 reacts 1.4 times as fast as the secondary alcohol 10
(red bar in Figure 3). PPY (2) shows a drop in selectivity to krel=

1.24 and thus a reduced preference for primary alcohol 11. The
selectivity value inverts to krel=0.68 when using the tricyclic 4-
aminopyridine TCAP (3), which implies that secondary alcohol
10 reacts 1.4 times as fast as primary alcohol 11 (green bar in
Figure 3).

In the 3,4-aminopyridine catalysts 4 we first explored the
influence of an attached ortho-substituted phenyl group. The
catalytic reaction with 4 a (R=Ph) shows a selectivity of krel=
0.78. By functionalizing the attached phenyl group in ortho
position with aryl substituents (such as Ph, Tol, or 1-Np) the

Figure 2. Structures and classifications of catalysts 4–6.

Figure 3. Relative rate constants krel for secondary alcohol 10 vs primary alcohol 11 with anhydride 14 catalysed by various catalysts 1–6, 8 b.
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selectivity values decrease slightly, the smallest value (and thus
the highest preference for secondary alcohol 10) being found
for 4 d with krel=0.63. Whether the ortho-substituent is attached
through a CH2-group (as in 4 f) or an ether oxygen bridge (as in
4 g) appears not to impact the obtained selectivities. The best
result in this group with krel=0.57 is obtained for 4 e carrying a
7-methoxynaphth-2-yl substituent. This selectivity value may
reflect the size of the 2-naphthyl substituent as well as the
electronic influence of the attached methoxy group. Moving
the attached substituents to meta (as in 4 n) or para position (as
in the dimethyl amino-substituted system 4 o) leads to
selectivities closely similar to those obtained for 4 a. Slightly
better selectivities are obtained for the 3,5-disubstituted
systems 4 h with krel=0.69 (where two tBu units may act as
electron donor and DED-groups)[23b] and 4 i with krel=0.67
(where CF3 groups act as electron withdrawing substitutents).
Expanding the core side chain unit from Ph (as in 4 a) to
naphthyl attached at C1 (as in 4 j and 4 k) or C2 (as in 4 l) shows
no significant change in selectivity. Addition of a phenyl group
at C1 position to this latter system as in 4 m leads to a small,
but notable change in selectivity with krel=0.63. Whether purely
aliphatic side chains have systematically different effects as
compared to aromatic side chains of equal carbon count was
explored with 4 q, which can be seen as the hydrogenated
complement to 4 a. Indeed, the selectivity is notably reduced
now to krel=0.90. Replacing the cyclohexyl by a tBu substituent
as in 4 p doesn’t lead to a major change with krel=0.80. In
conclusion we can see that the 3,4-diaminopyridine variants
explored in class I yield selectivity values closely similar to that
of TCAP (3), where secondary alcohol 10 reacts approx.
1.5 times faster as compared to primary alcohol 11. This
selectivity can be rationalized assuming the previously reported
“triple sandwich” acylation transition states,[21] where the 2-
naphthyl side chain of alcohol 10 can form stronger non-
covalent interactions with the catalyst pyridinium core unit as
compared to alcohol 11. If the catalyst surface is big enough (as
is the case in the tricyclic pyridinium catalysts of type 3 and 4),
then the acylation of secondary alcohols is slightly preferred.

In Class II we find systems where the 3,4-diaminopyridine
core unit is connected to the side chain with a slightly longer
and thus more flexible C2 linker unit. However, comparing the
results for 4 a (R=Ph, n=1) and 5 a (R=Ph, n=2) we see that
both react with krel=0.78. This is similarly true for the two
catalysts carrying a naphth-1-yl side chain 4 j (n=1) and 5 b
(n=2). We note in passing that reduction of linker flexibility as
in catalyst 4 r leads to a notable reduction of selectivity.
Increasing the linker length to n=3 (class III) the acylation of
secondary alcohol 10 is even less favored as can be seen for
catalyst 6 a (R=Ph, n=3) with krel=0.84. For the larger naphth-
1-yl side chain similar selectivities are obtained for all linker
lengths with krel=0.75 (4 j, n=1), krel=0.76 (5 b, n=2) and krel=
0.79 (6 d, n=3). Further variation of the size of the substituent
as in 6 b or 6 c also leads to no notable change in the
selectivities, and we thus conclude that the length of the linker
unit does NOT impact the catalytic behavior and the selectivity
of the reaction. A lack of alignment of the attached aromatic
substituents into one plane, which appears to impact acylation

of secondary alcohol 10 more than that of primary alcohol 11 is
determined for the tricyclic 3,4-diaminopyridine catalyst 8 b
with krel=1.35.

Absolute kinetics studies

Based on their performance in the 1 :1 competition studies
described above, seven catalysts were selected for further
studies in the acylation of 1-(naphth-2-yl)ethane-1,2-diol 16
testing their ability to differentiate vicinal primary and secon-
dary hydroxyl groups. Following earlier work on 16[22] the initial
formation of monoesters 17 and 18 and the subsequent second
acylation to yield diester 19 were followed using absolute
kinetics measurements (Scheme 3). Analysis of these results
yields selectivity value krel,a defined as the ratio between the
effective acylation rate of primary hydroxyl group (k3) and the
secondary hydroxyl group of 16 (k4). The ratio between the
effective acylation rate of primary alcohol 18 (k6) over the
secondary alcohol 17 (k5) is reflected in selectivity value krel,b for
the second acylation of the monoesters 17/18 to the diester 19.
The migration from 18 to 17 is neglected in this study.[22] With
these definitions both selectivity values krel,a and krel,b reflect the
acylation selectivities for primary over secondary hydroxyl
groups. For 16 as a substrate we had found earlier that suitable
catalyst/reagent combinations lead to an inversion of selectivity
in favor of the secondary hydroxyl group.[22] As the acylation
reagent we employ an excess (1.5 eq.) of 2-methyl-6-nitro-
benzoic anhydride 14 in combination with 10 mol% of the
corresponding Lewis base catalyst and Et3N (2.0 eq.) as auxiliary
base in CDCl3 at +23 °C (for details see SI). The known catalysts
DMAP (1), PPY (2), and TCAP (3) were again included as
reference systems. The four 3,4-diaminopyridine catalysts tested
in the acylation of diol 16 include the ortho substituted phenyl-

Scheme 3. Acylation of 1-(naphth-2-yl)ethane-1,2-diol 16 with 2-methyl-6-
nitrobenzoic anhydride 14 mediated by catalysts 1–4 in the presence of Et3N
(15) at +23 °C.
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based catalysts 4 b,e, the 3,5-disubstituted phenyl-based cata-
lyst 4 i, and the ortho-substituted 2-naphthyl catalyst 4 m. Mole
fractions for substrates 16–19 have been determined by 1H
NMR spectroscopy at various time intervals, and the effective
rate constants k3–k6 have then been determined from these
data by numerical kinetics simulations (see SI).[28] From the time
dependence of the mole fraction of monoester 17 shown in
Figure 4a we see that the effective rate constant k3 for acylation
of the primary hydroxyl group in 16 is largest for DMAP (1) and

smallest for 3,4-diaminopyridine catalyst 4 m. It is particularly
surprising that catalyst 1 is more reactive here than TCAP (3),
which is in contrast to most other reactivity studies with these
two Lewis bases.[6,12,29] Quantitative analysis in the framework of
the mechanistic model shown in Scheme 3 yields the values
shown in Table 1 and thus an approx. 10-fold reactivity differ-
ence between the fastest and slowest catalysts. A similar
reactivity ordering is also found for acylation of the secondary
hydroxyl group in 16 as is reflected in the time dependence of
the mole fraction of monoester 18 shown in Figure 4b and the
numerical values of rate constant k4 in Table 1, except that 4 i is
slightly more active than 1 in this case. A third measure of
catalytic activity can be obtained from analysis of the time
dependent conversion of all hydroxyl groups present in 16–18
as shown in Figure 4c, where again 4 i appears to be most
active. The ratio of k3 and k4 and thus the primary/secondary
selectivity of the first acylation step (krel,a values in Table 1) is
largest for DMAP (1) with krel,a=2.49 and then approaches unity
for the less active catalysts. This parallels the chemoselectivities
presented in Figure 3, where 1 showed the largest preference
for the acylation of primary alcohol 11 over secondary alcohol
10. In contrast to these intermolecular competition experi-
ments, TCAP (3) is not effective in inverting the primary/
secondary selectivity in the acylation of diol 16 with krel,a=1.47.
The 3,4-diaminopyridine catalysts 4 b,e,i and m all show krel,a
values close to 1.0, the individual differences being too small
for meaningful structure/ activity analyses. The acylation of
monoesters 17 vs. 18 to diester 19 is systematically slower than
the initial acylation step, and only for catalysts 1–3 and 4 i could
full conversion to 19 be observed. For catalysts 4 b,e and m
only conversions of up to 60% could be realized even at
extended reaction times (for more details see SI). From the
time-dependent decrease of the mole fraction of monoester 17
shown in Figure 4a we see that the effective rate constant k5 for
acylation of the secondary hydroxyl group in 17 is largest for
3,4-diaminopyridine catalyst 4 i and smallest for PPY (2).
Quantitative analysis in the framework of the mechanistic
model shown in Scheme 3 yields the values shown in Table 2
and thus an approx. 2.5-fold reactivity difference between the
fastest and slowest catalysts. The acylation of the primary
hydroxyl group in 18, as described by the time dependent
decrease of the mole fraction of monoester 18 shown in

Figure 4. Time development (in sec) of a) the mole fraction of monester 17,
b) the mole fraction of monoester 18, and c) the conversion all OH-groups
(%) in the acylation of diol 16 with anhydride 14 mediated by catalysts 1–3,
4 b,e,i and m.

Table 1. Effective rate constants k3 and k4 and the corresponding relative
rate constant krel,a for catalysts 1–3, 4 b,e,i and m for the first acylation of
polyol 16 determined through absolute kinetics. The relative rate constant
krel for the acylation of alcohols 10 and 11 with 14 catalysed by 1–3, 4 b,e,i
and m has been determined through turnover-limited competition experi-
ments.

Entry Catalyst k3 (x10
� 3)[a,b] k4 (x10

� 3)[a,b] krel,a
[a] krel

[a]

1 1 69.9�12.39 27.9�2.99 2.49�0.178 1.44�0.016
2 2 38.7�2.30 21.8�1.85 1.78�0.046 1.24�0.017
3 3 36.6�5.26 24.7�2.35 1.47�0.073 0.68�0.006
4 4 i 35.7�0.04 32.1�0.04 1.11�0.003 0.67�0.017
5 4 b 9.2�0.10 9.6�1.29 0.97�0.026 0.65�0.009
6 4 m 5.9�0.84 5.8�0.75 1.03�0.011 0.63�0.008
7 4 e 6.7�0.11 6.9�0.08 0.98�0.005 0.57�0.003

[a] Averaged values (see SI). [b] In Lmol� 1 s� 1.
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Figure 4b and the numerical values of rate constant k6 in
Table 2, proceeds with similar efficiency with all catalysts. Again
DMAP (1) has the largest effective rate constant k6 and PPY (2)

the smallest. The ratio of k6 and k5 and thus the primary/
secondary selectivity of the second acylation step (krel,b values in
Table 2) is largest for PPY (2) with krel,b=1.21 and inverted to
the secondary hydroxyl group for tricyclic catalyst systems
TCAP (3) with krel,b=0.64 and 4 i with krel,b=0.59.

Acetyl cation affinity values (ΔACA)

In how far intramolecular interactions between catalyst side
chains and the N-aminopyridinium core unit influences the
Lewis basicity of the catalysts was explored by the calculation
of acetyl cation affinities (ΔACA) at the SMD(CHCl3)/B3LYP-D3/6-
31+G(d) level of theory.[30] As shown in Eq. I (Scheme 4a) these
are defined as the reaction enthalpies ΔH298 for acetyl group
transfer from acetylpyridinium cation 20_ac.[12,14,29a,31] The Lewis
basicity of 4-aminopyridine catalysts 1 and 2 is lower than that
of 3,4-diaminopyridines and is in the range of ΔACA= � 57.9 to
� 63.1 kJmol� 1 (Table 3, entries 1–2). Around 10 kJmol� 1 higher
basicities are found for tricyclic catalysts 4 i (ΔACA=

� 72.6 kJmol� 1, entry 4) and 3 (ΔACA= � 75.0 kJmol� 1, entry 5).
Most of the catalysts 4, 5 and 6 have affinity values between
ΔACA= � 80.3–93.6 kJmol� 1, whereby 4 e with ΔACA=

� 93.6 kJmol� 1 is the most Lewis-basic catalyst of this class
(entry 15).[32] The tricyclic catalyst 8 b has a similar basicity as
TCAP with ΔACA= � 71.1 kJmol� 1, while the triaminopyridine
catalyst 9 is of intermediate basicity with ΔACA=

� 84.1 kJmol� 1. The experimental studies described above
employ 2-methyl-6-nitrobenzoic anhydride (14) as the electro-
philic reagent, and additional benzoic anhydride affinities
(ΔBAA) were therefore calculated for this system as defined by
Eq. II (Scheme 4b and Table 3). The graphical presentation of
ΔACA and ΔBAA values in Figure 5 shows both affinity
measures to follow similar trends, but also indicates that the
ΔBAA values are slightly larger (more negative) for the tricyclic
catalysts. Particularly larger changes in affinity are found for the
benzyl-substituted catalysts 4 a, 4 b, and 4 i, as well as 8 b and 9.

With the relative acetyl cation affinity (ΔACA) values in
hand, we can analyze the structural differences between the
various acylated catalysts and thus test the hypothesis of
stabilizing non-covalent interactions presented in Scheme 1.
The most stable conformers of the acylpyridinium cations of
selected catalysts are shown in Figure 6 together with critical
distances between the acylpyridinium core units and the closest
side chain atoms. In the (biphen-2-yl)methyl-substituted 3,4-
diaminopyridine intermediates 4 b_ac, 4 e_ac, and 4 m_ac we
can indeed recognize the expected sandwich structures
between side chain phenyl groups and the acylpyridinium core
fragment with ring-to-ring distances of r=350–377 pm typical
for stacking conformations. The shortest distance of r=350 pm
can be found for the most Lewis basic catalyst 4 e_ac, where
the side chain aryl group is positioned directly over the
catalytically active nitrogen atom.[34] In contrast, no such
interactions can be seen in the acylpyridinium intermediate of
catalyst 4 i characterized by a comparatively low ΔACA value.
Whether alkyl group linkers of different lengths can be
employed to steer the attached side chain π-systems into a

Table 2. Effective rate constants k5 and k6 and the corresponding relative
rate constant krel,b for catalysts 1–3 and 4 i for the second acylation of
polyol 16 determined through absolute kinetics. The relative rate constant
krel for the acylation of alcohols 10 and 11 with 14 catalysed by 1–3 and 4 i
has been determined through turnover-limited competition experiments.

Entry Catalyst k5 (x10
� 3)[a,b] k6 (x10

� 3)[a,b] krel,b
[a] krel

[a]

1 4 i 18.2�0.76 10.9�2.21 0.59�0.102 0.67�0.017
2 3 14.6�4.07 9.32�2.34 0.64�0.019 0.68�0.006
3 1 10.3�2.20 11.2�2.00 1.10�0.041 1.44�0.016
4 2 6.9�0.24 8.41�0.80 1.21�0.073 1.24�0.017

[a] Averaged values (see SI). [b] In Lmol� 1 s� 1.

Scheme 4. Model of a) acetyl cation affinity number (ΔACA, Eq. I), b) benzoic
anhydride affinity number (ΔBBA, Eq. II) and c) Gibbs free reaction energy of
the formation of INT1 (Eq. III).

Table 3. Acetyl cation affinity numbers (ΔACA), benzoic anhydride affinity
numbers (ΔBAA), and free energy values for the formation of INT1 (in
kJmol� 1).

Entry Catalyst ΔACA[a] ΔBAA[a] INT1[b]

1 1 � 57.9 � 58.4 +20.6
2 2 � 63.1 � 63.4 +12.5
3 8 b � 71.1 � 85.8 /
4 4 i � 72.6 � 91.4 /
5 3 � 75.0 � 76.9 +8.3
6 4 j � 80.3 � 83.7 /
7 4 a � 81.5 � 95.3 � 2.7
8 5 a � 81.6 � 89.5 /
9 5 b � 83.8 � 88.5 /
10 9 � 84.1 � 99.9 /
11 6 a � 85.2 � 93.0 /
12 4 b � 85.4 � 101.2 /
13 4 m � 87.8 � 94.6 /
14 6 d � 91.0 � 93.1 /
15 4 e � 93.6 � 96.6 /

[a] ΔH298(SMD(CHCl3)/B3LYP-D3/6-31+G(d)), in kJmol� 1. [b] ΔG298,sol-
(DLPNO-CCSD(T)/def2-TZVPP//SMD(CHCl3)/B3LYP-D3/6-31+G(d)), in
kJmol� 1.
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stacking orientation was tested for catalysts 4 a, 5 a, and 6 a
with linker lengths of n=1–3. The best alignment between
acylpyridinium core and side chain phenyl substituents could

be seen in 5 a, but even then, the distances between the two
units was significantly larger at r=405 pm as compared to that
in 4 b_ac. For the system with the largest linker length 6 a_ac
the dominant side chain/acylpyridinium core interaction ap-
pears to be a CH-π interaction between the attached π-system
and the acetyl C� H bonds.[35] Effectively the same conclusions
were obtained for the acylpyridinium intermediates of 1-
naphthyl substituted catalysts 4 j, 5 b, and 6 d, where again the
linker length varies from n=1–3 (Figure 6b).

In earlier studies it could be shown that cation affinity
values of Lewis base catalysts correlate well with their effective
rate constants towards electrophiles.[12,14,29a,31] Whether this is
also the case for the first acylation of diol 16 studied here is
shown in Figure 7. Plotting the ΔACA values over the natural
logarithm of effective rate constant ln k3 (acylation of primary
OH-group in 16) a linear correlation of good fidelity is obtained
(Figure 7, red triangles, R2=0.89). It is, however, quite un-
expected that catalysts with lower Lewis basicity such as 1 or 2
accelerate the acylation more strongly as compared to more
potent Lewis base catalysts such as 3 or 4 b,e,m. This finding
(specifically for catalysts 1–3) is in contrast to the findings of
earlier studies on Lewis base-mediated acylation reactions.[6,12]

The same type of correlation, but with a smaller slope, is also
found for rate constant ln k4 (acylation of secondary hydroxyl
group in 16, Figure 7b, green cycles, R2=0.73). It is the
difference in the slopes for the acylation of the primary and the
secondary hydroxyl group in diol 16 that leads to a direct link
between catalyst Lewis basicity and acylation regioselectivity as
quantified by krel,a in Table 1. In order to identify possible
reasons for the comparatively low catalytic activity of the most
Lewis basic catalysts studied here, we also calculated the full
Gibbs free energy for the reaction of catalysts 1–4 with
anhydride 14 to yield the full N-acylpyridinium ion pair
intermediates INT1 at the DLPNO-CCSD(T)/def2-TZVPP//
SMD(CHCl3)/B3LYP-D3/6-31+G(d) level of theory (Eq. III,
Scheme 4).[30,36] Based on earlier theoretical studies we assume

Figure 5. a) Acetyl cation affinity values (ΔACA, blue), and b) benzoic anhydride affinity values (ΔBAA, red) for catalysts 1–6, 8 b, and 9.

Figure 6. Geometries of acetyl cation adducts optimized at the SMD(CHCl3)/
B3LYP-D3/6-31+G(d) level of theory for a) catalysts 4 b, 4 e, 4 m and 4 i, and
b) catalysts 4 a,j, 5 a,b and 6 a,d together with selected distances (in pm)
between side chains and the acetylpyridinium core unit.[33]
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that the formation of INT1 is the first step of the catalytic
cycle.[21] If INT1 is too stable, the energy barrier for the
subsequent alcohol acylation step could be negatively
affected.[37] For DMAP a Gibbs free energy of ΔG298(1)=
+20.6 kJmol� 1 was obtained (Table 3). For increasingly Lewis
basic catalysts these energies become more favorable with
values of ΔG298(2)= +12.5 kJmol� 1, ΔG298(3)= +8.3 kJmol� 1,
and ΔG298(4 a)= � 2.7 kJmol� 1. This last value thus implies that
the equilibrium between free catalyst 4 a and its acylpyridinium
ion pair intermediate INT14 a may tip towards the latter as a
function of absolute catalyst/reagent concentrations. As shown
in Figure 8, the various measures of Lewis basicity studied here
(ΔACA(x), ΔBAA(x) a ΔG298(x)) are well correlated.

Together with the direct 1H NMR-spectroscopic detection of
INT1 for the catalysts 1, 3, and 4 a (see SI for further details) we
thus assume that the stabilities of acylpyridinium intermediates
formed with anhydride 14 are, at least in part, responsible for
the inverse correlation of acylation rate and Lewis basicity. In
addition, we note that hydrogen bonding interactions between
the two hydroxyl substituents in diol 16 moderated its
reactivity.

Conclusion

A group of 24 tricyclic pyridine-based Lewis base catalysts have
been synthesized with the goal of performing selective
acylation reactions of secondary hydroxyl groups in aromatic
1,2-ethanediols with 2-methyl-6-nitrobenzoic anhydride. The
acylation of secondary instead of primary hydroxyl groups
depends on the surface of the Lewis base and its steric demand.
The formation of sandwich structures between DED-substitu-
ents of Lewis base catalysts and the tricyclic pyridinium core
units increases the Lewis basicity by stabilization of acylpyridi-
nium cations and supports the acylation of secondary alcohols
in separated ethanol systems as well as in 1,2-diols. Somewhat
surprisingly, the positioning of DED-substituents is less effective
through flexible CH2-linker units as compared to ortho-
substituted aryl units. Some of the highly Lewis basic pyridine-
based catalysts studied here form comparatively stable N-
acylpyridinium cation intermediates detected both by exper-
imental and quantum chemical analysis. This stability may
actually impede catalytic turnover in acylation reactions. In
contrast, catalyst 4 i containing two CF3 groups is predicted to
be a more active and selective organocatalyst than 1. The
second finding of this study is that in 1,2-diol systems the
acylation is quite fast with less nucleophilic and sterically
demanding catalysts. Tests towards the use of the reagent/
catalyst combinations explored here in reactions of polyol
natural products are currently under way in our laboratories.

Experimental Section
Competition experiments: Three different CDCl3 stock solutions
were prepared under nitrogen. Stock solution A contained the
secondary alcohol 10 and primary alcohol 11 each at a concen-
tration of 0.05 M. Stock solution B contained anhydride 14 (0.1 M),
while stock solution C contained 0.15 M Et3N and catalyst 1–8 at a
concentration of 0.01 M. Stock solution B was diluted in four
discrete steps. The concentrations of the new solutions were fixed
at 20, 35, 50, and 70% of the initial stock solution B. Under nitrogen
0.4 mL of stock solution A, 0.4 mL of stock solution C, and 0.4 mL of
stock solution B1-4 were transferred to a GC vial by using a
Hamilton syringe. The GC vial was then capped under nitrogen and
placed in the GC vial holder with stirring. The competition experi-
ments were considered finished when the reaction with the highest
anhydride concentration (GC vial 4) was complete. The reaction was
monitored by 1H NMR spectroscopy.

Kinetics studies: Three different CDCl3 stock solutions containing
0.02 M 1,2-diol 16 (A), 0.06 M acid anhydride 14 (B), and a
combination of 0.08 M Et3N and 0.004 M 1–8 (C) were prepared
under nitrogen. The reaction was analysed by 1H NMR as recorded
on a Bruker Avance III 400 machine. NMR tubes were first dried
under vacuum using a special home-made apparatus and flushed
with nitrogen, and 0.2 mL of stock solution A, 0.2 mL of stock
solution C and 0.2 mL of stock solution B were then transferred
under nitrogen to the NMR tube by use of a Hamilton syringe. After
closing the NMR tube, the reaction mixture was shaken and
introduced into the NMR machine.

Computational details: All geometry optimizations and vibrational
frequency calculations have been performed using the B3LYP-D3
hybrid functional[30c–e] in combination with the 6-31+G(d) basis

Figure 7. Plot of ΔACA (kJmol� 1) vs. lnk3 (red triangles) and lnk4 (green
circles) catalysed by 1–3, 4 b,e,i and m.

Figure 8. Plot of the stability of INT1 (ΔG298 in kJmol� 1) vs. ΔACA (ΔH298 in
kJmol� 1) for Lewis base catalysts 1–3 and 4 a.
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set.[38] Solvent effects for chloroform have been taken into account
with the SMD continuum solvation model.[30b] This combination has
recently been found to perform well for Lewis base-catalysed
reactions.[39] Thermochemical corrections to 298.15 K have been
calculated for all stationary points from unscaled vibrational
frequencies obtained at this same level. Solvation energies have
been obtained as the difference between the energies computed at
B3LYP-D3/6-31+G(d) in solution and in gas phase. For the
elucidation of the mechanism, the thermochemical corrections of
optimized structures have been combined with single point
energies calculated at the DLPNO-CCSD(T)/def2-TZVPP//B3LYP-D3/
6-31+G(d) level.[36,40] Solvation energies have been added to the
energies computed at DLPNO-CCSD(T)/def2-TZVPP//SMD(CHCl3)/
B3LYP-D3/6-31+G(d) level to yield free energies G298 at 298.15 K.
Free energies in solution have been corrected to a reference state
of 1 mol/L at 298.15 K through addition of RTln(24.46)= +7.925 kJ/
mol to the free energies. All calculations have been performed with
Gaussian 09[41] and ORCA version 4.0.[42] Conformation search was
performed with Maestro.[43]

Crystallographic data: Deposition numbers 2110005 (for 25 c),
2110006 (27 c), and (2110007 for (4 p) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service www.
ccdc.cam.ac.uk/structures.
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