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Abstract: The mechanism of the ring-
opening polymerization (ROP) of lac-
tide catalyzed by two partner hydro-
gen-bonding organocatalysts was ex-
plored. New amidoindoles 4a,c, thio-
amidoindoles 4b,d, amidobenzimid-
azoles 5a,c, and thioamidobenzimid-
azoles Sb,c were synthesized and used

of lactide in the presence of a cocata-
lyst, tertiary amine 3a or 3b, which ac-
tivates the growing polymer chain
through hydrogen-bonding. Reactions
were conducted in 2-24 h at 20°C; con-
version yields ranged between 22 and
100 %. A detailed study of the intermo-
lecular interactions undertaken be-
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tween the participating species showed
that, as expected, simultaneous weak
hydrogen bonds do exist to activate the
reagents. Moreover, interactions have
been revealed between the partner cat-
alysts 4/5+3. ROP catalyzed by these
partner activators is thus governed by
multiple dynamic equilibria. The latter

as activators of the monomer. In the
solid state and in solution, compounds
4 and 5 showed a propensity for self-as-
sociation, which was evaluated. (Thio)-
Amides 4 and 5 do catalyze the ROP

Introduction

Organocatalyzed polymerization is an emerging field of re-
search.ll Tt represents an elegant alternative to organome-
tallic and enzymatic catalyses, as it allows, within 24 h, the
preparation of polymers with controlled average molar
masses, narrow dispersities, and without any metallic resi-
dues. Organocatalyzed polymerization was essentially devel-
oped for the ring-opening polymerization (ROP) of cyclic
esters, diesters, and carbonates.”) From a mechanistic point
of view, it has been demonstrated that these ROPs can be
promoted by organocatalysts by means of the activation of
the reagents through temporary covalent bonds or weak in-
teractions. The strategies encompass the activation of the
monomer, that is, the electrophile (using Brgnsted acids,”!
alcohols,¥! 4-dimethylaminopyridine (DMAP) derivatives,”!
phosphines,'®) N-heterocyclic carbenes!!); the activation of
the growing polymer chain, that is, the nucleophile (using
basic phosphazenes,®!  1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU), and 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD)®)); or the dual activation of both monomer and
chain end (thiourea derivatives!'"”! and 1,5,7-triazabicyclo-
[4.4.0]dec-5-ene (TBD)!"'). Among the organocatalysts,
thioureas!'” have shown promising results in the access of
polymers with controlled molar masses, operating under
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should be judiciously adjusted to fine-
tune the catalytic properties of (thio)-
amides and organocatalysts, more gen-
erally.

lacti-

mild conditions (20°C, loading of catalyst below 10 mol % ).
This remarkable catalytic activity relies on their ability to
promote hydrogen bonds with the monomer and thus the
smooth increase of its electrophilicity. Additionally, a hydro-
gen-bond-acceptor cocatalyst partner, generally a tertiary
amine, is required to increase the nucleophilicity of the ini-
tiator and the growing polymer chain. These catalytic sys-
tems can be a unique compound such as Takemoto’s catalyst
1, or two independent molecules such as thiourea 2+
amine 3 (Scheme 1). Under drastic anhydrous conditions, at
20°C for over 24 h, catalyst 1 (5 mol% in dichloromethane,
Smol% of initiator) allows 97 % conversion of lactide into
a poly(lactide) with a narrow dispersity and controlled
molar masses, as the experimental degree of polymerization
(DP) matches with the theoretical one (moles of monomer
polymerized/moles of initiator). The ROP of lactide was
also efficient over 24 h in the presence of thiourea 2 and co-
catalyst dimethylcyclohexylamine (Me,NCy) 3a or (—)-spar-
teine (Sp) 3b (Scheme 1). Notably, due to the better hydro-
gen-bonding properties of 3b versus 3a, the combination of
2+3b allowed a complete polymerization reaction within
2 h, whereas the time of the reaction in the presence of the
partners 24 3a was 24 h.

A remaining drawback of previously reported procedures
is that satisfying conversion requires extensive and tedious
preparation of dry reagents and performing the reactions in
a glove box.

Therefore, new hydrogen-bonding organocatalysts are
highly desirable, especially versatile ones. They should be
available through a rapid synthesis and should be efficient
at room temperature under relaxed and less energy-consum-
ing conditions. Our interest in supramolecular chemistry!'*!
prompted us to design hydrogen-bonding catalysts for the
ROP of lactide. In this context, amides, which are modular
compounds with easy synthetic access, were anticipated to
be polymerization promoters through hydrogen-bonding.
We recently showed that, in the presence of (—)-sparteine,
an activated amidoindole 4a is an efficient organocatalyst.!"”)
We demonstrated that both NH groups from the amide and
the indole moieties participate in the hydrogen-bonding of
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Scheme 1. Molecular structures of thioureas 1 and 2, tertiary amines 3a,b and amide 4a as hydrogen-bonding

organocatalysts for ring-opening polymerization of lactide.

lactide, thus allowing its total conversion in 2 h. Moreover,
an X-ray structure of a hydrogen-bonded complex between
a ROP organocatalyst and the monomer was reported for
the first time. To deepen and broaden our investigation, we
decided to explore the behavior of two series of amides and
related thioamides that bear an indole (compounds 4) or a
benzimidazole group (compounds 5), as a second hydrogen-
bond donor (Scheme 2).
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H X N
4a:X=0;R'" R®=CF, 5a: X = 0; R', R?=CF,
4b: X =S; R', R>=CF,4 5b: X =S;R', R?=CF,
4c: X = 0; R'=H, R* = OMe 5¢c: X = 0; R'=H, R?= OMe
4d: X = §; R'=H, R = OMe 5d: X = S; R'=H, R? = OMe

Scheme 2. Molecular structures of hydrogen-bonding organocatalysts 4
and 5.

In compounds 4a-d and Sa-d, the global geometry of the
hydrogen-bond donor subunits is different and may have an
impact upon the catalytic properties. Besides, the strength of
the hydrogen-donor properties of the NH—C=X group could
also be modulated by two factors: 1) the nature of the X
atom, oxygen (amide function), or sulfur (thioamide func-
tion); 2) the electronic density on the phenyl group, from
electron-deficient derivatives (4a,b and 5ab) to electron-
rich compounds (4¢,d and 5¢,d). Classically, thioamides are
better hydrogen-bond donors and less subject to self-aggre-
gation. Electron-deficient substituents should increase the
hydrogen-bond donor properties of the corresponding com-
pounds. Finally, the effect of the cocatalyst in these ROPs
will also be evaluated using two tertiary amines 3a or 3b, as
hydrogen-bond acceptors of a different strength.””

The possible disadvantage of this approach is the poten-
tial formation of hydrogen bonds between the partner acti-
vators, that is, 4 or 5 with 3, which could hamper the reac-
tion efficiency. Consequently, a detailed supramolecular
mechanism of ROP involving partner organocatalysts will
be explored. Herein, we report the synthesis and the in-
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depth catalytic properties of
new hydrogen-bonding organo-
catalysts for the polymerization
of lactide, in connection with

3b their aggregative properties.

Results and Discussion

Synthesis of the catalysts: the
straightforward preparation of
new compounds 4 and 5 was
achieved in one or two steps
from commercial reagents
(Scheme 3).
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Scheme 3. Straightforward synthesis of (thio)amides 4 and 5. DIPEA =
diisopropylethylamine.

In detail, amidoindoles 4a and 4c¢ were obtained by con-
densation of the aniline derivatives on the corresponding
acid chloride (freshly prepared), in 90 and 73% yield, re-
spectively.'! A similar procedure!’” was achieved to synthe-
size amidobenzimidazoles 5a and 5c¢ in 45 and 73 % yield,
respectively, from the benzoyl chloride derivatives and 2-
amino-5,6-dimethyl-benzimidazole.'"®  Thioamido-related
compounds were obtained by thionation of the oxo com-
pounds using Lawesson’s reagent in toluene heated at
reflux.l'”) Molecules 4b and 4d were isolated in 78 and 81 %
yield, respectively. Compounds 5b and 5d were also ob-
tained in excellent yields: 97 and 93 %, respectively.

Interestingly, based upon '"H NMR spectra in [Dg]DMSO
and CDCl;, (thio)amidobenzimidazoles 5a—d appeared to be
in equilibrium between the classical N-(1H-benzo[d]im-
idazol-2-yl) structure and its N-(1,3-dihydro-benzimidazol-2-

Chem. Eur. J. 2010, 16, 4196 -4205
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N-(1H-benzo[d]imidazol-2-yl) form

Properties of (Thio) Amides

ylidene) tautomer (Scheme 4). For instance, all compounds
5 displayed similar "H NMR spectra ([Dg]DMSO, 4 mm): the
two NH groups appeared as a broad signal at 6=12.1-

X=8or0O

Solvent

R' R
H
Qa ; ‘
N '

R? A e 2 Ny N
X N R— R ST
X N

H

5a-d 5a-d

Scheme 4. The tautomeric equilibrium of compound 5.

12.5 ppm for amides Sab or 6=13.4-13.5 ppm for thio-
amides 5b—d (see the Supporting Information). In our anal-
yses, spectroscopic data did not allow for the discrimination
between the two forms. As previously reported,”™ this tauto-
meric equilibrium may be favored by hydrogen bonding be-
tween (thio)amidobenzimidazoles 5 or between 5 and the
solvent.

Concerning hydrogen-bonding properties, this tautomeric
equilibrium is anticipated to influence the catalytic proper-
ties of the series Sa—-d in ROP reactions, as the solvent of
choice for these polymerizations is dichloromethane.

All catalysts were found to be fairly soluble in dichloro-
methane. In the presence of lactide, this solubility was in-
creased, which allows one to undertake reactions under clas-
sical conditions (20°C, 5 mol% with respect to monomer,
that is, 35 mm). This behavior is probably due to specific in-
termolecular interactions between the hydrogen-bonding
catalysts and lactide as a hydrogen-bond acceptor. This is
clearly supported by the weak interactions between reagents
and catalysts (see below), unrevealed so far.

X-ray diffraction: Single crystals of compounds 4a, 4¢, Sc,
and 5d were grown in dichloromethane and/or chloroform
subjected to slow pentane vapor diffusion. To the best of
our knowledge, very few crystallographic descriptions of
amidoindole,”"! thioamidoindole,”? and amidobenzimid-
azole™ have been reported. Notably, the first structure of a
thioamidobenzimidazole (5d) is described herein. Interest-
ingly, in the crystal, the tautomeric N-(1H-benzo[d]imidazol-
2(3H)-ylidene)benzothioamide) form is observed. All mole-
cules adopt centrosymmetric monoclinic space groups. The
crystal lattice is stabilized by strong intermolecular hydro-
gen bonds as usually encountered for amides and thioa-
mides.™ The experimental hydrogen-bond geometries
(lengths, angles) are in the range of those usually found in
literature.

The crystal of 4a belongs to the space group P2,/a in
which the molecules are packed in layers. The layers are
separated by a distance of approximately 2.9 A, which corre-
sponds to F-F interactions between the CF; substituents sit-
uated at the extremities of the layers. In the layers, the two
aromatic parts of the molecules are non-coplanar (angle be-
tween the two aromatic parts: 16.7(3)°). Compounds 4a

Chem. Eur. J. 2010, 16, 4196 -4205
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form centrosymmetric dimers (Figure 1), internally tied with
symmetrical hydrogen bonds between the carbonyl group
(acceptor) and the H-N of the indole (donor) moiety (dis-

Figure 1. Hydrogen-bonded dimer of compounds 4a in the crystal.

tance (d) of N—H-O=C=2.35 A). Interestingly, the N—H
of the amide spacer is not involved in the dimer but it is
linked through a hydrogen bond to the carbonyl group of
another dimer (d=2.41 A) that lies in a quasi-parallel plane
(interdimer plane distance~3.4 A). A herringbone packing
is formed in the solid with an angle of 87° between the
planes of the dimers (see the Supporting Information).
Compound 4c crystallizes in the monoclinic space group
P2,/n (Figure 2). In the solid, the molecules are not totally

Figure 2. Hydrogen-bonded packing of compounds 4c¢ in the crystal.

flat (angle equal to 15.9(1)° between the two aromatic
parts). They are packed in quasi-coplanar dimers in which
the molecules are linked by two strong symmetrical hydro-
gen bonds that involve the N—H (donor) of the indole
moiety and the carbonyl group acceptor (d(N—H---O=C)=
2.04 A). Here again, the N—H of the amide spacer does not

4199
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participate in the cohesion of the centrosymmetric dimer; it
interacts with the oxygen of the methoxy group of the
neighboring dimer (d(N—HwO—CH;)=2.24 A). These
dimers are stacked in a herringbone mode and form an
angle of 70°.

Amidobenzimidazole Sc crystallizes in the monoclinic
space group P2,/a (Figure 3). The asymmetric unit includes
two independent molecules of 5S¢ and one disordered mole-

/\/ /Q )N
/\/\ N\ /—
\“; //\. 2224/\ / 2,085

Figure 3. Hydrogen-bond packing of compounds 5S¢ in the crystal.

cule of solvent on a site partially occupied by molecules of
chloroform (80%) and dichloromethane (20%). In this
asymmetric unit, both independent molecules are not flat, as
the two aromatic parts of the molecules form an angle of
36.2(1) and 42.7(1)° for the two molecules, respectively. Of
note, the amide link is situated in the benzimidazole plane.
These two independent mole-
cules are not in the same plane

Figure 4. Hydrogen-bonded dimer of compound 5d in the crystal.

atoms of the benzimidazole hold a hydrogen atom. In the
molecular structure, the five-atom ring of the benzimidazole
is symmetrical, as shown by the bond lengths (see the Sup-
porting Information), and the N—C bond, which links the
benzimidazole moiety and the (thio)amide, is shortened
compared with that of 5¢ (1.369(4) and 1.380(4) A in 5¢ and
1.346(3) A in 5d, respectively). Within 5d, the thiobenzim-
idazole moiety forms an angle of 38.6(1)° with the anisyl
ring. The molecules are organized in centrosymmetric
dimers that involve one of the N—H units of the imidazole
ring and the nitrogen of the spacer (d(N—H--N)=1.97 A),
whereas the other N—H and the C=S thiocarbonyl group are
not implicated in such directional hydrogen bonds. Several
short contacts also participate in the cohesion of the solid
(see the Supporting Information).

Inspection of the molecular packing of these new (thio)-
amides shows that the latter could be classed in two catego-
ries (Table 1). Concerning 4a and 4¢, the centrosymmetric
hydrogen-bonded dimers only involve the C=O and the N—
H of the indole moiety, whereas the N—H of the linker
(amide) is not directly implicated. In 5¢ and 5d crystals, the
N—H of the amide spacer is strongly involved in the dimer
(or ribbonlike) cohesion. Additionally, 5d presents an imine

Table 1. Hydrogen bond lengths [A] and angles [°] in monocrystals 4a, 4¢, 5¢, and 5d.

and displayed an average twist-

. . N—H, qe0=C N-H,,n0=C Other hyd bond: D—H--Al
ed angle of 27° (taking benzim- amide’” arom’ cf ycrogen bone® *
idazole carbons plus C=0 to 4a 241 2.35 - 143.9,147.6
build b ) 4c - 2.04 224 161.4, 161.4

ul each average plane). (NH, . ~OMe)
These two compounds are asso-  5¢ - 222,221 2.03,2.08 149.9, 139.9,
ciated by hydrogen bonds that (N—H,rom=N) 158.9, 151.8
- 1.97 1721

involve only the N—H of the 5d -
amide spacer and the nitrogen

(NiHamm"'NZC)

lone pair of the benzimidazole
moiety (d=2.03 and 2.08 A, re-
spectively). The carbonyl groups are symmetrically hydro-
gen-bonded with the N—H of benzimidazole group that be-
longs to another asymmetric unit (d=2.21 and 2.22 A), as
indicated in Figure 3. Finally, these hydrogen-bonded mole-
cules form infinite ribbons in the crystals in which the C=0
and N—H groups are all involved.

The crystal of 5d belongs to the centrosymmetric mono-
clinic space group C2/c (Figure 4). In the crystal, this thio-
amidobenzimidazole exhibits the tautomeric N-(1H-benzo-
[d]imidazol-2(3H)-ylidene) form, in which the two nitrogen
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[a] Respective angles of the hydrogen bonds, from column 2 to column 4.

tautomeric form in the dimer. Finally, if these dimeric forms
also exist in solution (see above), in 4a and 4c¢ the amido
N—H can be available for extra hydrogen-bonded linkage
such as the one necessary for the activation of the lactide. In
contrast, hydrogen-bond donors in 5¢ and 5d are embedded
within the aggregates and should not be as available as
those present in 4a and 4¢. This would rationalize the exper-
imental data presented hereafter: the relative catalytic effi-
ciency of the compounds and/or the preferential molecular
conformations experienced in solution.

Chem. Eur. J. 2010, 16, 4196 -4205
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Molecular interactions in solution: Based on the observa-
tions in the solid state, we decided to investigate the propen-
sity of the catalysts to self-aggregate in solution. Titrations
monitored by 'H NMR (CDCl,) spectroscopy were conduct-
ed on compounds 2 (as a model), 4, and 5 in the 0.5-35 mm
concentration range. NMR spectra showed concentration-
dependent chemical shifts, except for compounds 4b and 4d
(see the Supporting Information). The variations mainly
concern the amide NH groups and, to a lesser extent, some
aromatic or aliphatic protons. These observations were inter-
preted as the formation of hydrogen-bonded complexes be-
tween complementary X=C—NH moieties. Experimental
data were fitted with a model of dimerization (except com-
pound 2, which oligomerizes) and the corresponding binding
constants K., are reported in Table 2.

Table 2. Maximum variation of the chemical shifts (0., in ppm) for com-
pounds 2, 4a, 4¢, and Sa-d and the corresponding constants of dimeriza-
tion (Kgimer in M~') in CDCl,. [

2 423l 4c 5a 5b 5¢ 5d
Abmax +0.51  +018 4027 —0.66 +1.11 —-025 —024
K gimer? 6l 4 5 226 66 195 190

[a] Monitoring protons at 20°C in the 0.5-35.0 mM concentration range.
[b] Estimated error £15%. [c] Measured in CD,Cl,. [d] Data fitted with
an isodesmic model.

Taken as a reference catalyst in the ROP of lactide, thio-
urea 2 showed moderate aggregative properties (K,gpeq=
6m ") that had not been previously reported. Amidoindoles
4a and 4c¢ form dimers with a small association constant
(Kgmer=4 and 5m', respectively). Notably, thioamidoin-
doles 4b and 4d do not aggre-

FULL PAPER

experimental ROP conditions (i.e., 35 mM), approximately
60-80% of (thio)benzimidazoles 5 are aggregated. There-
fore, a complementary geometry of hydrogen-bond acceptor
and donor within (thio)amides 5 probably favors dimeriza-
tion, as previously shown in the solid state. This result has
obviously to be taken into account for the evaluation of the
catalytic activity.

Catalytic properties in ROP reactions: Molecules 4 and 5
were tested as organocatalysts in the ROP of lactide, chosen
as a model monomer. Classical conditions were employed:
concentration of lactide at 0.7M in dichloromethane, 20°C,
using biphenylmethanol as the initiator (5 mol%) and a co-
catalyst 3a or 3b (5 mol%) as an activator of the initiator/
polymer growing chain (Table 3). All experiments were con-
ducted under anhydrous conditions (dry reagents and sol-
vents) and in the presence of 4 A molecular sieves to trap
residual water, a competitor of the catalysts in the hydro-
gen-bonding process. An independent experiment proved
that the activated or nonactivated molecular sieves had no
catalytic effect upon reactions. Time reactions were pro-
grammed between 24 and 72h to evaluate the kinetics.
When, in the presence of 3b, the conversion of the mono-
mer became over 50 %, the crude polylactides were charac-
terized by the average molar mass determined by '"H NMR
spectroscopy, M ,(NMR), and size-exclusion chromatography
(SEC; M, (SEC)). The index of dispersity (PDI) was also de-
termined from the SEC analysis.

Under these conditions, over 24 h the catalytic property
of the individual components was evaluated with prelimina-
1y tests. Reactions achieved in the presence of the initiator
and in the absence of organocatalyst 3 and 4/5 gave no con-

gate (A0 <0.05 ppm). This Table 3. ROP conditions and properties of the poly(lactide)s.”
behavior is expected for thio- Entry  Catalyst t Conversion [% ] M,(theor)) M, (NMR) M,(SEC)¥  PDIY
carbonyls because the latter are (Smol%) [h] 3a 3b (3b) (3b) (3b)
less efficient hydrogen-bond ac- 1 1 24 95 100 3070 3210 5150 1.08
ceptors than their oxo deriva- 2 1+H,0 24 46 - 3070 e & &
. . . 0,
tives.’! Interestingly, even if > mol %
h 1 f th It . 3 1+H,0 24 0 0 3070 - - -
t. e values of the self-associa- 50 mol %
tion constants are weak (4- 4 2 24 85 100 3070 2633 5420 1.10
6M7'), approximately 15-20% 5 2 48 95 - 2920 2778 39701 1.06
of dimer is present in solution © 4a # N (21?1()) 3070 3070 4460 1.07
under  the  ROP — conditions 4a 48 95 ~ 2920 349801 419010 1.061
(concentration  of catalyst= g 4b % 8 53 1630 1480 1907 1.05
35 mM). 9 4b 48 63 59 1810 1769 2119 1.05
Benzimidazoles 5§ dlsplay a 10 4c 24 53 74 2270 2489 2850 1.07
different behavior. All proton 11 4d 24 54 71 2180 2489 3200 1.07
NMR . . 1 12 Sa 24 23 33 1010 760 - -
spectroscopic - signals 3 5a 48 35 56 1720 n.d.® 1720 1.06
were largely affected by in- 14 5a 72 49 83 2550 nd 2576 1.06
creasing the concentration. 15 5b 2420 31 950 904 - -
Compounds 5 form tighter hy- 16 Sc 4 24 200610 616 - -
17 5d 24 28 28 860 904 - -

drogen-bonded dimers (Kime,=
66-226M~") than those of com-
pounds 4 (Kgmer<5M™'). Only
thio derivative 5b is associated

in a looser manner. Under the termined.

Chem. Eur. J. 2010, 16, 4196 -4205
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[a] Conditions: lactide 0.7m in CH,Cl,, catalyst 4 or 5 (5 mol %), tertiary amine 3 (5 mol % ), biphenylmethanol
as initiator (5 mol%), 4 A molecular sieves, 20°C. [b] Determined by ‘H NMR spectroscopy. [c] Theoretical
molar mass when conversion was 100 %. [d] Determined by size-exclusion chromatography. [e] Not measured
when conversion was lower than 50 %. [f] Experiment achieved in the presence of amine 3a. [g] n.d. =not de-
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version of the monomer. The ROP of lactide conducted in
the presence of the initiator plus organocatalyst 4/5, without
partner amine 3, resulted in a conversion lower than 10%.
Polymerization in the presence of the initiator plus amine 3,
without organocatalyst 4 or §, allowed the conversion of ap-
proximately 10% of lactide with 3a and 15-20% with 3b.
These results demonstrated that individual ROP partners
have a low catalytic efficiency.

Table 3 shows the conditions of the ROP experiments in
the presence of different organocatalysts 1, 2, 4, or 5 and a
cocatalyst 3 and the characterization of the resulting poly-
lactides. Molar masses determined by NMR spectroscopy
(M,(NMR)) are in good agreement with the theoretical
value (M,(theor)), whereas molar weights determined by
SEC are overestimated, as they are calculated versus poly-
styrene standards.

Under our conditions, in the presence of molecular sieves,
thioureas 1 and 2 allowed a very good conversion (85—
100 %; Table 3, entries 1, 4, and 5), especially when the co-
catalyst was 3b, which is recognized as a better hydrogen-
bond acceptor than 3a.”® Moreover, the polylactides with a
narrow dispersity and predictable average number molar
mass were obtained in reasonable time (24 h). The catalytic
efficiency of 1 and 2 under our conditions is thus identical
to that previously reported.!"”!

The inhibiting properties of water in ROP triggered by
hydrogen-bonding catalysts were demonstrated in entries 2
and 3 of Table 3. Indeed, an increase of the quantities of
water (5 and 50 mol % with respect to lactide) in the reac-
tion medium resulted in the progressive decrease of the per-
centage of monomer conversion (95, 46, and 0%, respective-
ly). Reactions were therefore systematically run in the pres-
ence of 4 A molecular sieves (five beads in 1 mL of reaction
medium).

Each compound 4/5 was found to be active and allowed
the conversion of lactide in 24 h with 20 to 100% yield. As
expected, the ROP of lactide appeared to be strongly depen-
dent upon the nature of the partner organocatalysts. Nota-
bly, all polymers had a narrow dispersity (polydispersity
index (PDI)=1.05-1.07) coupled with an experimental
number average molar mass M ;(NMR), which is in agree-
ment with the theoretical (M, (theor)) assuming the forma-
tion of one chain per initiator molecule (Table 3). Variation
of the [monomer]/[initiator]([M]/[I]) ratio from 20 to 50 and
100 led to narrowly dispersed polymers (PDI=1.12 and
1.11, respectively), again with masses that match the theo-
retical ones (M,(SEC)=8398 and 12030 gmol ', respective-
ly, to be compared to their M,(theor)=7384 and
14584 gmol™; see the Supporting Information). Besides,
BC NMR spectroscopy indicates that the polymers exhibit a
fully isotactic structure, thereby suggesting the absence of
side transesterification reactions that would yield racemiza-
tion (see the Supporting Information). Additionally, a chain-
extension experiment was successfully realized: firstly, the
polymerization of lactide was conducted under standard
conditions (Table 3, entry 6: 100% conversion, M,(theor)=
3064 gmol ™', M,(SEC)=3070 gmol™', and PDI=1.07, after
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24 h) and, secondly, the same quantity of lactide was added.
After 24 h, the conversion was total and the resulting poly-
lactide had similar characteristics (M, (theor)=>5944 gmol™!,
M, (SEC)=7569 gmol ' and PDI=1.12). All this supported
that a controlled process is indeed occurring in these orga-
nocatalyzed ROP reactions.

Catalysts 4+3 (Table 3, entries 6-11) were more efficient
than compounds 5+3 (entries 12-17) and provided poly-
(lactides) in 24 h, with a conversion ranging from 43 to
100%. Additionally, the catalytic activity of (thio)amides
4a-d was slightly influenced by the hydrogen-bond acceptor
character of amine 3 (entries 6, 8, 10, and 11). In the pres-
ence of the better hydrogen-bond activator 3b, the percent-
age of conversion was higher: 71-100% compared to 53—
72 % when 3a was employed as a cocatalyst. Notably, quan-
titative conversion with 4a was obtained in 2 h in the pres-
ence of 3b (entry 6 indicates the conversion after 2 h).
These observations can be ascribable to the better hydro-
gen-bond donor character of amine 3b."!% This assumption
will be checked by the measurement of the corresponding
association constants (see below). For partner catalysts 4a—
d+3a, conversion was significantly increased when reaction
time was extended to 48 h (entries 5, 7, and 9), thereby indi-
cating that polymerization is still going on and that chain
ends are not deactivated. This phenomenon was already ob-
served with thiourea 2 (entry 5). Kinetics of these ROP re-
actions can be slow in some cases and it is dependent upon
the activation efficiency of both partner catalysts.

Nevertheless, additional parameters have to be taken into
account to better understand the structure-activity relation-
ships. Concerning the hydrogen-bonding catalysts 4, the cat-
alytic activity of the NH group appeared to be dependent
upon two main structural factors: the electron density of its
phenyl substituent and the nature of the linker onto the
indole substituent (C=0 or C=S). Compound 4a with an
electron-withdrawing group is the most active catalyst of the
series (Table 3, entry 6, 72-100% conversion). Its corre-
sponding electron-donating derivative 4¢ and its thioamide
derivative 4b are less active and allow for 53-74%
(entry 10) and 43-53% conversion (entry 8), respectively.
These observations can be explained by two opposite phe-
nomena: in the structure of 4¢, the amido NH is less acidic
than in 4a and thus it is a worse hydrogen-bond donor than
4a, whereas in compound 4b, the acidity of NH is largely in-
creased (in acetonitrile, pK,(S=C—NH)=11-13 and pK,(O=
C-NH)=17)®! and thus might be partly inhibited by the
basic species present in the solution, that is, the cocatalyst 3
(see below). Interestingly, catalyst 4¢ was as efficient as its
thio derivative 4d. In this case, due to the electron-rich aro-
matic substituent, the NH group is a poorer hydrogen-bond
donor whatever the nature of the C=X bond.

Given a 24 h reaction time, (thio)amidobenzimidazoles
5a-d were moderate catalysts (20-33 % conversion; Table 3,
entries 12, 15-17) whatever the nature of the aromatic sub-
stituent and the nature of the cocatalyst 3. When the reac-
tion time was increased to 48 or 72 h (entries 13 and 14), the
activity of hydrogen-bonding catalyst 5a was increased, es-
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pecially in the presence of cocatalyst 3b (35 and 49% con-
version with 3a and 56 and 83 % conversion with 3b). The
kinetics of catalysts 5 is slower than that observed for com-
pounds 4. This observation can be rationalized by the strong
dimerization of 5§, which embeds the active NH group.

Supramolecular insight into the ROP reactions: Partner or-
ganocatalysts have been poorly studied in the ROP reac-
tions. In this field of research, to the best of our knowledge,
only one binding constant of 39mM~' was measured in C¢Dy
between thiourea 2 and valerolactone,™ which represents a
rough model for the ROP of lactide in dichloromethane. In
a first approach, we can speculate that these hydrogen-
bonding compounds 4/5 and 3, respectively, activate the
monomer and the initiator/growing chain in a similar
manner to the thiourea organocatalysts (Scheme 5, framed
equilibria). However, we have already demonstrated that or-
ganocatalysts 4 and 5 can self-aggregate in a dimeric form.
Thus an extra equilibrium, K., iS present in the reaction
medium and should be considered in the mechanism
(Scheme 5).

Unexpected results reported in Table 3 (entry 8) prompt-
ed us to investigate the interactions between the different
reagents using the model catalysts 2, 4a, and 4b. Titrations
monitored by 'HNMR spectroscopy were achieved in
CDC(l; to demonstrate intermolecular interactions between
the multiple components of the reaction (Table 4): 1) cata-
lyst and lactide (equilibrium K;), 2) initiator and cocatalyst
3 (equilibrium K,), 3) catalyst and cocatalyst 3 (equilibrium
K5). Knowing that molecules 24 self-aggregate, the host
concentration was fixed at 4-8 mm to minimize this side
phenomenon.

FULL PAPER

Table 4. Binding constants K, ; (CDCl;, m™') between the molecules in-
volved in the ROP of lactide.l*"

Host/guest Lactide 3a 3b

2 K,=2 K;=2 K;=6
ROH - K,=21 K, =21
4a K,=2 K;=6 K;=14
4b K,=3 K;<1 K;=57

[a] Titrations were monitored by "H NMR spectroscopy at 20°C, using a
2 mM concentration of host 2, 4a, or 4b and a 2-25 mm of guest lactide
3a, 3b, or ROH. [b] Estimated error +15%. [c] ROH is the initiator 4-
biphenylmethanol. [d] Host concentration was 20 mM.

At first, the expected interactions between cocatalysts and
reagents were investigated to prove the supramolecular acti-
vation (framed equilibria in Scheme 5). Indeed, catalysts 2,
4a, and 4b are weakly associated to the lactide in (1:1) stoi-
chiometry (K;~2-3m™"). For (thio)amidoindoles 4a and 4b,
both NH groups from the (thio)amide and the indole moiet-
ies were involved in the complexation of lactide (see the
Supporting Information). As expected from hydrogen-bond-
donating properties, activated amide groups (Ad=0.7 ppm)
were more affected than NH from the indole (Ad=0.07-
0.2 ppm). These observations are in favor of the participa-
tion of both NH groups in the complexation of the C=0
group from the lactide.

Initiator ROH does not self-aggregate (see the Supporting
Information) and it interacts with the cocatalysts 3a and 3b
to form weak complexes (K,=2m"). These values corrobo-
rate the activation of the monomer and the initiator/growing
chain by tertiary amines 3, but the two interactions ap-
peared to be in the same order, contrary to the expected hy-
drogen-bond-donating classification (3a would be a lesser
hydrogen-bond donor than 3b).’™!®! Interestingly, the ob-
served difference in the catalyt-
ic power of amine 3a and
strained diamine 3b might rely
on a more complex hydrogen-
bonding system. Further inves-
tigations will be carried out.

Broadening the scope of the
possible hydrogen bonds, we
found that the catalysts 2, 4a,
and 4b do also interact with the

&)
H-N =
R H—N Y
o R2—N/
N-H R H\T X
Ar
3
Ky RO
R*—N/
R1
JR
H-N/ Lactide/Catalyst
H\T X J >R
Ar I
0.0 4 o] WH-N/
I I « 0 =0z
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\R1 n
_ 3 L R Poly(lactide)
O-H -~ O-HwIN—R?
R — R \R1
Initiator/growing chain Kk (Initiator/growing chain)/Cocatalyst

cocatalyst 3 within an undesired
hydrogen-bonding equilibrium
(K3), which could hamper the
ROP. Titrations concerning
thiourea 2 showed that this cat-
alyst interacts with the cocata-
lysts 3a and 3b. The corre-
sponding binding constants Kj;
are 2 and 6M !, respectively,
and are in the same range as
the other hydrogen-bonding
constants K; and K,. For 4a

Scheme 5. Multiple hydrogen-bonding equilibria involving the reagents and catalysts 443 during the ring-
opening polymerization of lactide. (A similar process is postulated for catalysts 5.)
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and 4b, host-guest titrations
showed that NH groups (Ad
~0.06-0.9 ppm) as well as sev-
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eral aromatic or aliphatic protons were largely affected (Ad
~0.1-0.5 ppm) by these interactions. In this equilibrium, hy-
drogen bonding probably occurs between the NH of the
(thio)amides 4 and the nitrogen atom of 3. In the presence
of amine 3a, the association constants K; that involve cata-
lysts 4 were in the same range (<6M') as those found be-
tween the catalysts and their desired guests (K; and K,),
whereas in the presence of 3b these K, values were larger
(~14-57m7"). This result showed that partner catalysts can
self-inhibit through undesired hydrogen bonding. Neverthe-
less, as all supramolecular species are in equilibrium, the
progress of the ROP reaction appeared mainly driven by
the balance between the four equilibria present in solution
(Kimer, K1=K5).

A remarkable value was noticed between organocatalyst
4b and (—)-sparteine 3b, which bind much more strongly
(K5~57m"). This result can explain the poorer catalytic
properties of thioamide 4b in the presence of the basic
amine 3b relative to those obtained with the cocatalyst 3a,
which is a weaker base (Table 3, entries 8 and 9).

Intermolecular interactions do exist between the different
hydrogen-bond donor and acceptors in solution. The dynam-
ic equilibria are favorably shifted towards the formation of
the polylactide in a controlled manner (predictable M, and
narrow PDI), especially when the organocatalyst interacts
poorly with itself or with its cocatalyst.

Conclusion

Activated (thio)amides that bear a second hydrogen-bond
donor group, 4 and 5, were straightforwardly synthesized
and tested as organocatalysts for the ROP of lactide. Hydro-
gen-bonding networks within crystal structures of com-
pounds 4a, 4b, Sc¢, and 5d revealed tight dimers, which, in
some cases, embedded the NH amide group necessary for
catalysis. Notably, the first X-ray structure of thioamidoben-
zimidazole tautomer S5d is described. Investigation of the
self-association properties in solution proved that molecules
4 and 5 form weak and strong dimers, respectively. In the
case of series 5, these self-associations probably decrease
the availability of the active NH group for the monomer ac-
tivation, whatever the nature of cocatalyst 3. In the efficient
series 4, we showed that the catalytic power of the NH
group is better when the aromatic substituent is electrodefi-
cient and when NH is an amide versus thioamide.

We demonstrated that the hydrogen-bonding partner cata-
lysts do play their role by activating the monomer and the
polymer growing chain, respectively. Notably, for the first
time, undesirable hydrogen bonds between the partner cata-
lysts were highlighted. Some associations were strong and
thus inhibit the catalytic power of the new (thio)amides. In
a general manner, as hydrogen-bonding catalysts may be in-
volved in multiple equilibria in the reaction medium, bind-
ing partners should be judiciously chosen to tune the out-
come of the polymerization.

www.chemeurj.org
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Experimental Section

General preparation of the amidoindoles: A mixture of indole-2-carbox-
ylic acid (483 mg, 3.0 mmol) and thionyl chloride (2.2 mL, 30 mmol) in
CH,Cl, (10 mL) was heated at reflux for 1 h under nitrogen and evapo-
rated to dryness. The residue was dried under vacuum for 1 h and dis-
solved in CH,Cl, (10 mL), and a solution of the corresponding aniline
(2.5 mmol) and N,N-diisopropylethylamine (517 mg, 4.0 mmol) in CH,Cl,
(5 mL) was added dropwise. The resulting mixture was stirred at room
temperature for 15 min and heated at reflux for 16 h. After extraction
and concentration in vacuo, the crude solid was purified by column chro-
matography.

General preparation of the amidobenzimidazoles: A solution of the cor-
responding benzoyl chloride (3.3 mmol) in THF (5 mL) was added drop-
wise to a solution of 2-amino-5,6-dimethylbenzimidazole (484 mg,
3.0 mmol) and N,N-diisopropylethylamine (1.0 mL, 5.7 mmol) in THF
(15 mL). The mixture was stirred at room temperature for 16 h under ni-
trogen atmosphere and evaporated to dryness. The residue was extracted
and eventually purified by column chromatography.

sdoindol

General preparation of the thic and thioamidobenzimid-
azoles: A solution of the corresponding amidobenzimidazole or amido-
benzimidazole (0.5 mmol) and Lawesson’s reagent (0.5 mmol) in toluene
(15 mL) was heated at reflux for 16 h under nitrogen and evaporated to
dryness. The residue was purified by column chromatography.

NMR spectroscopic titrations: Deuterated solutions were freshly pre-
pared and dried in the presence of 4 A molecular sieves. Association con-
stants between host and guest (K,—Kj;) as well as the dimerization binding
constants (Kgm.;) Wwere determined using titrations monitored by
'"H NMR spectroscopy (host signals) in CDCl,. For determination of K-
K;, a solution (100 pL) of host (~20 mm) was introduced in each NMR
spectroscopic tube (12 to 15 experiments per titration). Increasing ali-
quots of guest stock solution (~70 mm) were added and the total volume
(500 uL) was adjusted with CDCl;. The titration data (A0 ppm versus
guest concentration) were fitted using the nonlinear curve-fitting proce-
dure with a (1:1) binding equation using the WinEqNMRprogram.?’
Concerning K., evaluation, a stock solution of host (~30mMm) in
CDCl; was used to prepare the diluted NMR spectroscopy tubes (12 to
15) required for each titration. The titration data (Ad ppm versus host
concentration) were fitted with a dimerization model using Excel.?®! For
thiourea 2, the isodesmic aggregation model was more accurate.””)

Typical experimental procedure for ROP reactions: Under nitrogen and
in a dry Schlenk tube, the organocatalyst (35 umol), the initiator (4-bi-
phenylmethanol, 35 pmol), lactide (700 pmol), 4 A molecular sieves
(5 beads), dry dichloromethane (1 mL), and amine 3 as a cocatalyst
(35 pmol) were successively introduced. The reaction mixture was stirred
at 20°C under nitrogen for the indicated period. The reaction mixture
was filtered and concentrated in vacuo. Conversion was determined by
"H NMR spectroscopy and integrating the signals of the methine proton
in both the residual lactide and the polymer. Polymer molar masses and
the dispersity index were measured by size-exclusion chromatography
(SEC) using a PL-GPC50 Plus apparatus equipped with RI and UV de-
tectors and Tosoh G4000HXL, G3000HXL, and G2000HXL columns
(eluent: THF, flow rate 1.0 mLmin!, temperature: 40°C, calibrated with
polystyrene standards).

X-ray structural analysis: Detailed crystal structures, cell parameters, and
R values for 4a, 4¢, 5S¢, and 5d are reported in the Supporting Informa-
tion. CCDC-749820 (5¢), 749821 (4c¢), 749822 (5d), and 749823 (4a) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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