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Abstract: Amino-functionalized squaramides 1 and 2 were prepared
and shown to be suitable polymerization organocatalysts for the
controlled ROP of L-lactide (L-LA) in the presence of an alcohol
source such as BnOH (acting as initiator) to afford chain-length-
controlled and narrowly disperse poly(L-lactide) (PLLA) under mild
reaction conditions. All ROP experimental and polymer analysis data
are consistent with 1 and 2 acting as bifunctional H-bonding
catalysts able to activate both the lactide monomer and initiator
BnOH thanks to their dual HB acceptor and donor properties. As a
comparison, amino-squaramide 3, a direct analogue of 1 but less HB
donor due to the absence of electron-withdrawing NH-substituents,
displays little lactide ROP activity, highlighting the key role of
monomer activation through HB in the present systems. Unlike
amino-squaramides 1 and 2, related mono-functional squaramideg 4
and 5 are inactive in lactide ROP in the presence of BnOH, bu
addition of NEt;, as an external HB acceptor, allows the R
proceed with the production of well-defined PLLA. A cooperative
dual activation with an activated-monomer/activated
mechanism is most likely operative in the lactide ROP
catalysts 1 and 2 in the presence of BnOH.

Introduction
Poly(lactic acid) (PLA), a biodegradadable polyester compose

attracting attention as a thermopla
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well-defined PLA material. In this
area, non-covalent n-bonding (HB) ROP of lactide is
presently of particular interest as a versatile and mild approach
fgr the efficiefPproduction of PLA.®! An interesting category of
catalysiggfes on the combination of a strong HB donor (for
activation of an electrophilic monomer such as lactide) with
nsted base acting as a hydrogen-bond acceptor to
e the nucleophilicity of the initiating moiety (typically an
strate). Such a dual activation was shown to
ote the ROP of lactide using, most notably, a
ourea-, amidine-, amide-, sulfonamide-based HB
donors in association with an amine moiety acting as a HB
acceptor for alcohol (initiator) activation.®® These catalytic
s may either be single-component, with a discrete
ional organo-catalyst containing both HB donor and
sted base functions, or, more frequently, bi-component,
the involvement of two monofunctional molecular entities
.e. a HB donor and a Brensted base).”® Ongoing studies in the
area also involve the development of new types of HB
donor/acceptor catalysts for enhanced HB activation, including
acid/base pair binary systems, ionic HB catalysts and bis-/tris-
thioureas HB donors. '
Since the first report by Rawal et al'? and thanks to their
specific properties as strong HB donors!"™®, squaramides with
various skeletons have recently being successfully used as
bifunctional catalysts for the mediation of various asymmetric
organic  transformations  such as  cycloadditions!™,
domino/cascade reactions!"®, 1,4-conjugate additions and aldol
reactions!'®. Therefore, squaramides may stand as a suitable
HB ROP catalysts for lactide polymerization and their potential in
this area clearly remains unexplored. To date, squaramide-
mediated ROP of lactide was reported on one occasion using a
squaramide/(-)-sparteine bi-component catalytic mixture."’?
While the present study was in progress, a Pt-functionalized
amino-squaramide was also reported to oligomerize
Iactide.[E"e“' ! Signet non défini.b]
Here we report a complete study on various amine-
functionalized squaramides (1, 2 and 3, scheme 1), thus
containing a HB donor and a Brgnsted base function, able to act
as single-component organocatalysts for the effective and
controlled ROP of lactide in the presence of an alcohol source
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acting as initiator. The catalytic performance of such systems
are also compared with that of related bi-component
squaramide/amine catalysts (using squaramides 4 and 5,
scheme 1).
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Scheme 1. Squaramide derivatives used as lactide ROP catalysts in the
present study.
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Scheme 2. Preparation of the squaramite organocatalysts.
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Results and Discussion

Synthesis of Squaramides 1-3% lyst 1 was initially
prepared through a three steps starting from
dimethylsquarate 6 (Scheme 2) in 20%, following a
literature procedure."® The due to the

24% vyield) allowing the
. A low yield one pot
recently reported.
igh cost of (R,R)-
r route to compounds 1
iamine 11 (obtained in
reported'?). Catalyst 1
via a sequential addition
ine 8) and then compound
0% vyield (respectively 60% yield)
d according to a reported procedure.?”
espectively 5) was prepared in 25%
yield (res following a similar procedure with
two equivalents of aryla 7 (respectively sequential addition
of 1 equivalent of (S)-(—)-methylbenzylamine 12 and arylamine

and 3 involving t
three steps and 6
(respectively
of aryl amine

polymerization of lactide catalyzed by
ramides 1-5. The amine-functionalized squaramides 1-3
e mono-functional derivatives 4 and 5 were tested as ROP
of L-lactide under various conditions; ie. in the
sence of PhCH,OH (acting as an initiator) and NEt;
vation through HB. The polymerization runs were
at room temperature in CH,Cl, and the results are
summarized in Table 1. Remarkably, when combined with
initiator BnOH (5 equiv vs. 1), the cyclohexylamino-squaramide

ed and narrow disperse PLLA in high conversion, as
duced from GPC and NMR data (entry 1, Table 1). Increasing
e monomer feed from 100 to 600 equiv. (with [L-LA]o/[BnOH]o
= 20) led to the controlled ROP of 450 equiv of L-LA within 23 h
to afford well-defined PLLA, indicating the effectiveness of
catalyst 1 in lactide ROP catalysis (entry 2, Table 1). With
[LA]Jo/[BNnOH], = 60 and 120 and starting from 600 equiv of L-LA
(entries 3 and 4, Table 1), the production of narrow disperse
PLLA with higher chain length (M, = 6800 g.mol™, ® = 1.13 and
M., = 14600 g.mol”, = 1.086, respectively) was achieved within
48-72 h at room temperature in CH,Cl,. The ROP activity of
organocatalyst 1 is thus comparable to that of the thiourea—
amine single-component systems developed by Waymouth and
Hedrick [Erreur! Stanet non définial £or o) ryns (entries 1-4, Table 1),
the polydispersities (D) of the produced PLA are below 1.15,
with GPC data featuring in all cases monomodal traces (see, for
instance, Figures S7 and S7', Sl) and the PLA M, values match
reasonably well the expected theoretical values. Besides, kinetic
data also support a well-controlled polymerization process
including: i) an observed first order reaction rate relative to L-LA
(Figure 1) and ii) a linear correlation between the M, of the
produced PLA and the monomer-to-polymer conversion (Figure
2; for additional kinetic data, see Figure S6, Sl). Regarding the
nature of the produced PLA, the NMR along with MALDI-TOF

2
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data agree with the production of linear and OBn-ester-ended
PLA. For instance, for the ROP of L-LA mediated by catalyst 1 in
the presence of 600 equiv of L-LA and 10 equiv of BnOH (entry
3, Table 1), the MALDI-TOF mass spectrum only contains
equally spaced peaks (by 144 u.a.), thus consistent with the
absence of any substantial (and detrimental) transesterification
reactions as the ROP proceeds (Figure 3). The mass values
also unambiguously agree with the presence of a BnO moiety at
the ester end of the formed PLA (Figures S8 and S9, Sl).

For further insight on the ROP catalysis mediated by
organocatalyst 1 in the presence of BnOH, the dependence of

Table 1. ROP of L-lactide catalyzed by squaramides 1-5 in the presence of BnOH el
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the ROP reaction rate on [1] was determined by performing

several ROP runs at const [L-LA]o and [BnOH],
concentrations  ([L-LA]o/[BnOH]Jo but at different
concentrations in 1, leading to a set o t kops Values. As

depicted in figure 4, there is a linear cor

ound 1 being the actual
ith a dual activation at a

rreur ! Signet non défini.]

1-5 (cat.)
BnOH
(0] . .
with/without
(o) o NEtS
0 CH.Cl, RT
i A
X : 1b] fc] 4 A e] i}
Entry Catalyst L-LA/BNnOH/NEt; Time (h) Conv. M (heo) M, (exp) b
1 1 100/5/0 18 95 \ 2750 2300 1.08
A
2 1 600/30/0 23 _ 2150 1800 1.16
3 1 600/10/0 6800 1.1
4 1 600/5/0 15600 14600 1.06
5 2 100/5/0 2600 2800 1.13
6 2 600/30/0 1400 1200 1.13
7 3 600/30/0 - - -
8 4 600/30/1 1600 1600 1.15
9 4 600/30/10 2700 2600 1.06
10 4 600/10/10 7800 6300 1.10
11 5 600/30/1 800 800 1.02
12 5 600/30/10 i 83 2400 2100 1.05
13 5 600/10/1A 40 48 4150 3700 1.08

[a] [L-LA], = 2 M, CH,Cl,
[L-LAJo/[BROH], X M4 X con\®

corrected by applying the appro| correcting factor (

ime. [c] Monomer conversion to PLLA as determined by 'H NMR. [d] Calculated using M, (theo) =
[L-LA]o/[BNOH], x M4 * conv. ® Measured by GPC in THF (30 °C) using polystyrene standards and
).2"[f] Measured by GPC in THF (30 °C).
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Figure 1. Plot In([M]o/[M]) (M = monomer = L-LA) versus time in the ROP of L-
LA mediated by amino-squaramide 1 in the presence of BnOH. Conditions: L-
LA/BnOH/1 = 600/30/1, room temperature, CH,Cl,.
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M, [L-LAl/[BnOH], = 20, room

Amino-squaramide 2, which contains a more flexible CH,-CHa-
NMe;, amino side-arm vs. that in catalyst 1, also mediates the
ROP of L-LA in a controlled manner but is less active than its
analogue 1 (entries 5 and 6, Table 1). Thus, in the presence of
600 equiv of L-LA and 30 equiv of BnOH, species 2 may
polymerize up to 300 equiv of L-LA within 23 h (CH.Cl,, room
temperature) while 450 equiv of monomer are polymerized by
catalyst 1 under identical reaction conditions (entry 5 vs. 2;
Table 1). Kinetic data with catalyst 2 are also consistent with a
well-controlled ROP catalysis (Figures S12 and S13, Sl) and
with catalyst 2 being roughly twice slower than its analogue 1
(Figure S1 vs. Figure S12). Polymer analysis data for the ROP

4
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mediated by 2 agree with the formation of BnO-ester-ended
PLLA (Figures S11 and S14, Sl). When compared to catalyst 2,
the rigidity and the steric bulk of the cyclohexyl backbone in 1
certainly further favors a conformational arrangement in which
the NMe, moiety lies in the vicinity of the NH amido functions (as
depicted in scheme 1 for squaramide 1), a key feature for an
effective bifunctional ROP catalysis (monomer and initiator
activation in close proximity). Note that catalysts 1 and 2 also
mediate the ROP of rac-LA (with a similar reaction rate and
polymerization control to that observed with L-LA) to afford
atactic PLA, while they are both essentially inactive in the ROP
of other lactones such as ¢-caprolactone.

The nature of the squaramide NH-substituents also
appears of importance for an efficient ROP process. Thus, the
cyclohexylamino-squaramide 3 (Scheme 1), which bears a
PhCH2-NH moiety vs. a 3,5-(CF3).-PhCH>-NH group in 1, only
displays a moderate ROP activity in the presence of 600 equiv
LA, with only a 10% consumption of monomer after 23 h at room
temperature (CH>Cl,, 30 equiv of BnOH; entry 7, Table 1). The
presence of electron withdrawing NH-substituents is thus clearly
required to enhance the HB donor character of these
bifunctional catalysts and hence ensure an effective monomer
activation, as previously observed.®”®

The bifunctional nature of amino-squaramide catalysts 1
and 2 was further evidenced by comparing their ROP

performances with those of their mono-functional counterpartg 4
and 5 (Figure 1). Thus, unlike species 1-3, both 4 and*

inactive in L-LA ROP in the presence of BnOH under v
reactions (CHCl,, room temperature, 100 or 600 equiv of L-LA,
10 or 30 equiv of BnOH), highlighting the fact that inif
BnOH) activation is crucial for the ROP to proce
present catalytic systems. Accordingly, the ad
external Lewis base such as NEt; for initi
promoted the ROP reaction. Thus, in the prese

observed ROP rate constant
amino—squaramide 1 (Kobs =
Figures S15 vs. S1),
the bifunctional catal

in high conversion in the
uiv L-LA, > 90% conv. to

10, Tabl d polymer characterization data agree
with a s (Figures S18-S21, Sl). The kinetic
data f catalytic system (kobs = 0.0173 vs.

0.111 h™"; Figures Sl) indicate that going from 1 to
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10 equiv of NEt; increases the ROP reaction rate by a factor of
6.5. To probe this issue furth the ROP reaction rate
dependence on [NEt;] was studie tant [L-LAJo, [BnOH]Jo
and [4]o ([L-LA]o/[BnOH]/[4], = 600/30
concentrations. The observed linear cogy
agree with a first order depeggdence of
(Figure 5), thus confirming i
of an excess of NEts.
Kiesewetter and co-
effects in such bi-
interactions, may
amine/HB donor r
dizabicyclo[5.4.0]u
défini.j] In our ¢
allowing an
systematic use

effect (on reaction rate)
ison and in contrast,
ocatalyst binding
¥ amine/HB donor
talytic activity at higher
U/thiourea (DBU = 1,8-
systems.[E"e‘"! Signet non
ity of NEts (vs. DBU), yet
tivation, along with the

0.05
.-®
004 | e
~ oo o
e
g 002 | o e hd y=0.8315x +0.0154
< R? = 0.9952
0.01
0
0 0.01 0.02 0.03 0.04

[NEty] (mol L)

ant initial concentrations of 4, L-LA and BnOH. Conditions: [L-LA], = 1 M,
Alo/[BnOH]y/4 = 600/30/1, room temperature, CH,Cl,.

The mono-functional squaramide 5§ (Scheme 2), which only
bears one electron withdrawing NH-substituent, also mediates
the controlled ROP of L-LA in the presence of BhOH and NEt;
(entries 11-13, Table 1; Figures S22-S25, Sl) though with a
lower activity than analogue 4, presumably reflecting the lower
HB donor ability (for monomer activation) of 5 vs. 4.

Overall, the kinetic and characterization data on L-LA ROP
catalysis by bifunctional amino-squaramides 1-3 (including their
comparison with their mono-functional analogues 4 and 5)
clearly hints at a ROP process occurring through a cooperative
dual activation of the monomer and initiator/polymer chain-end
thanks to the HB donor ability of the squaramide moiety (for
lactide activation) and the HB accepting character of the NMe,
moiety (for initiator/polymer chain-end activation). The proposed
bifunctional activation mechanism, ie. activated
monomer/activated chain-end mechanism (AM/ACEM)P", is
depicted in Scheme 3. Such a dual activation at a single
molecular catalyst is documented in the literature with other
lactide ROP organocatalysts, most notably amino-functionalized
thioureas and amidine-type organics.[Ereur ! Signet non défini]
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Scheme 3. Bifunctional activation mechanism for the ROP of L-LA catalyzed
by amino-squaramides 1 and 2 in the presence of BnOH, taking the example
of squaramide 1.

Conclusions

Amino-functionalized squaramides 1 and 2 are suitable
polymerization organocatalysts for the controlled ROP of L-LA in
the presence of an alcohol source such as BnOH acting as
initiator to afford chain-length-controlled and narrowly disperse
PLLA. When compared to related mono-functional squaramides
4 and 5 (which require the presence of an external HB acceptor
for the ROP to occur), the ROP results with catalysts 1 an
agree with a cooperative dual activation ROP mechanism
type AM/ACEM being operative due to their bifunctional
(i.e. HB donor and acceptor). Given the steric and e

established synthetic procedures, such
organocatalysts may also be of potential
polymerization of various polar cyclic monomers,

Experimental Section

All experiments were carried out under
techniques or in a MBraun Unilab gloveb
and pentane were first dried through

using standard Sc
ene, dichlorome;

from Eurisotope (CEA, Saclay, Fra
stored over activated molecular sj
Benzyl alcohol (BnOH) wag also drie
sieves (4 A) prior to use, other chemic as received. L-
lactide was sublimed once to use. NMR s ere recorded on
BrukerAC 300 or 400 MHz N ectrometers in T&ffon-valved J-Young
NMR tubes at ambient temperat] unless otherwise indicated. 'H and
8C chemical shifts are reported vi s SiMe, and were determined by
reference to the ri vent peaks. Chemical shifts (5)
are given performed at the Mass
Strasbourg. Mass spectra
flight mass spectrometer (MALDI-TOF-TOF
Itonics, Bremen, Germany) equipped with
An external multi-point calibration was
ent with a standard peptide mixture
ding on the mass range analysed).

in a glovebox prior to use.
ver activated molecular

and a standard protein mixtu
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Scan accumulation and data processing were performed with
FlexAnalysis 3.4 software. a-cyano-4-Bvdroxy-cinnamic acid (CHCA),
dithranol (DIT) or super-DHB (a 9/1 dihydroxybenzoid acid/2-
hydroxy-5-methoxybenzoic acid) was use ix for analysis of the
PLA samples. SEC analyses were performed
with a Shimadzu RID10A refractometer det

f molecular weight number
late correcting factor (0.58)

ROP of L-lactide
OH. In a glovebo,

General procedure
5 in the presence o

diated by squaramides 1-
he squaramide catalyst 1-5
equipped with a TeflonTM-
thane (0.2 mL). In a separate
(from 100 to 600 equiv, 2.12 x
(from 5 to 30 equiv, 1.06 x 10* mol) were
e (0.8 mL) and added all at once to the
2 M). In the case of mono-functional
equiv, 3.54 x 10°, 4.9 pL) was also
added to the reaction m e mixture was vigorously stirred at room
temperature during the appropriate time and the reaction was monitored
"H NMR nsp’oscopy. After the appropriate time, the vial was then

vial, the appropri
10 mol) and of
dissolved in dichloro
i ([L-LA

glovebox and the reaction mixture was quenched with
ethanol, provoking the precipitation of the polymer which
ashed several times with methanol, dried in vacuo until constant
and subsequently subjected to 'H NMR, GPC and MALDI-TOF
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Single-component amino-squaramides reported herein act as effectivg bifunction
hydrogen-bonding catalysts for the controlled ROP of lactide under
in the presence of BnOH. Such organocatalysts perform better in lacti
related squaramide/NEt; bi-component catalysts.
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