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ABSTRACT: A library of structurally related heterocycles containing N-H motifs are explored as ring-opening polymerization 
(ROP) pre-catalysts. Upon deprotonation of these heterocycles with appropriate bases, corresponding salts are formed, which 
catalyze the ROP of various lactones and cyclic carbonates, affording polymers with dispersity values ranging from 1.01 to 1.12. 
These catalysts exhibit a wide range of catalytic activities, spanning over seven orders of magnitude (>107), with their relative 
rates generally correlating to the pKa of the N-H group in the neutral heterocycle. Despite apparent structural and electronic 
similarities, these heterocycle catalysts display markedly different kinetic behaviors regarding the identity of different cations. 
Kinetic and NMR studies have revealed two distinct sets of mechanisms: small alkali metal cations such as Li+ and Na+ reduce 
the activity of imidazol(in)e derived catalysts due to their tendency to associate with the alkoxide chain-end, thus inhibiting its 
propagation; conversely, these cations form robust cation-π assemblies with indolocarbazole anions, simultaneously binding and 
activating monomer carbonyls towards the nucleophilic attack, resulting in a significant rate enhancement. This distinctive 
activation motif of the indolocarbazole sets it apart from other catalysts by utilizing cations as a potent handle for modulating 
polymerization reactivity. Coupled with its high availability, good solubility, high activity, moderate basicity, and high selectivity, 
the indolocarbazole heterocycle emerges as one of the most versatile organocatalysts for ring-opening polymerization.  

Key words: Ring-opening polymerization, cation- π interaction, heterocycle, indolocarbazole, alkali metal, pKa, anionic 
polymerization

INTRODUCTION: Organocatalytic ring-opening 
polymerization (ROP) is a powerful method for generating 
polyesters and polycarbonates with exquisite control over 
the molecular weight and molecular weight distribution.1-5 
Guanidine and (thio)urea/base catalyst systems were among 
the first highly selective organocatalysts, demonstrating 
good control over molecular weight and dispersity.6-9  The 
development of anionic catalysts based on deprotonated 
(thio)ureas marked a significant advance, as these catalysts 
retained the high selectivity of the (thio)urea / base 
catalysts, but were significantly more active. Moreover, their 
activities can be tuned by over three orders of magnitude by 
altering substituents on the (thio)ureas.10-13   Due to the 
versatility of the anionic (thio)urea catalysts, they have been 
widely adopted for the ROP of various monomers.14-22 
Mechanistic and computational studies10-13 indicate that the 
activity of the anionic (thio)urea catalysts derive from a 
bifunctional activation mechanism where the negatively 
charged nitrogen activates the propagating (or initiating) 
alcohol and the adjacent N-H hydrogen bond binds and 
positions the lactone to facilitate nucleophilic attack and 
formation of the tetrahedral intermediate (Figure 1a).10-13 

    We recently reported that salts derived by deprotonation 
of 2,2’-bisindole23 are also effective catalysts for ring-
opening polymerization, where a strong counterion effect 
implicated a mechanism involving activation of the lactone 
by the cation (Figure 1b). This activation motif allows 
convenient modulation of the polymerization rate by 
changing the cation. Nevertheless, the 2,2’-bisindole is not 

readily commercially available and challenging to prepare, 

24,25 limiting its general applicability as an ROP catalyst. 

    To assess the generality of this uncommon activation 
motif and to uncover the fundamental principles that 
trigger such a mechanism, we expanded our investigation to 
include a wider range of heterocycles bearing appropriately 
positioned N-H motifs.  Herein we describe investigation of 
new classes of heterocycle organocatalysts derived from the 
deprotonation of a range of imidazole, indole/carbazole, or 
imidazoline heterocycles (Figure 1c). Mechanistic 
investigations reveal that the indolocarbazole anions [5-] are 
able to position small alkali metal cations (Li+ and Na+) 
through cation-π interactions in a geometry suitable for 
monomer activation. 



  

 

 



 

 

  

	
Figure	3.	Polymerization	of	L-lactide	(L-LA)	with	[1-][K+]	and	I3.	Reaction	conditions:	[KHMDS]0:[1]0	:[I3]0:[L-LA]:	=	
1:1.2:4:200,	[L-LA]0	=	1	M	for	(a)~(e).	(a)	conversion	vs	time	and	first	order	monomer	decay	plot.	(b)	Mn,	NMR	and	

dispersity	(Đ)	vs	conversion,	(c)	GPC	traces	of	the	polymerization	at	different	conversions,	(d)	MALDI-TOF	of	a	
poly(L-lactide)	sample	(66%	conv.,	DPtarget=50,	Đ	=	1.02),	and	(e)		MALDI-TOF	of	a	poly(L-lactide)	sample	(89%	conv.,	
DPtarget=50,	Đ	=	1.02).	
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RESULTS AND DISCUSSION: Heterocycles 1, 2 and 5 were 
purchased from commercial sources; heterocycles 3 and 4 
were prepared in one step by reacting dithiooxamide with 
appropriate diamines.(Scheme S1 in Supporting 
Information) To evaluate the catalytic behaviors of these 
heterocycle anions with various cations, we generated a 
range of different salts (Figure 2a) by treating 1.2 molar 
equivalents of the respective heterocycle pre-catalyst with a 
strong base(Figure 2d, e). Their polymerization of a range of 
monomers was monitored in THF at 25°C. 

    As an example, the polymerization of L-lactide (1M in 
THF) catalyzed by bibenzimidazole potassium ([1-][K+]) was 
monitored until 98% conversion. The active catalyst was 
generated by deprotonation of 1 with 0.83 equivalents 
(relative to 1) of KHMDS (Table 1, entry 1. Figure 2d,e). 
Under these conditions, the rate of polymerization is first 
order in lactide concentration (Figure 3a). A linear increase 
in polymer molecular weight (Mn) with conversion, and 
narrow dispersity (Ð < 1.03) were observed throughout the 
course of polymerization (Figure 3b, c). These results are 
consistent with living polymerization behavior. The narrow 
dispersity indicates infrequent chain trans-esterification 
reactions, which was further corroborated by MALDI-TOF 
analysis on the same sample. A single population of ion 
distributions are predominantly observed, where the major 
ions corresponding to the sodium adducts are separated by 
144 Daltons; ions associated with minor amounts of 
transesterification of the PLA chains (m/z = 72) are scarcely 
detectable at 66% but slightly more pronounced at 89% 
conversions. Additionally, no hexamethyldisilazane 
(HMDS) byproducts were observed in the 1H-NMR spectra 
of worked up polymers, suggesting that HMDS does not 
function as a competitive initiator. Due to the mild basicity 
of [1-][K+] (pKa(DMSO) 14.6), no epimerization reactions were 
observed in the homonuclear decoupled 1H-NMR spectrum. 
A clean, single peak at 5.16 ppm suggests the absence of 
racemic dyads, indicating a high degree of tacticity in the 
poly-L-lactide sample (Figure S1 in Supporting 
Information). 

    By employing similar methods, the potassium salts of 
heterocycles 2-5 were generated, evaluated, and compared 
as catalysts for a series of lactone and carbonate 
polymerization reactions (Table 1, Figure S2-S5 in 
Supporting Information).  As shown in Table 1, excellent 
control is achieved across the library of heterocycle 
catalysts, affording a range of molecular weights, 
predictable degrees of polymerization (DP = 20 to 600) and 
narrow molecular weight distributions (Đ = 1.01~ 1.1). 
Compared to urea anion systems, alkali salts of 3-5 have 
exceptional solubility in THF, making them versatile 
catalysts for low temperature (Table 1, entry 10) and/or bulk 
(Table 1, entry 19, 20) polymerization conditions. These 
properties are crucial for controlled polymerization of 
thermodynamically challenging monomers such as δ-CL.26 
Unlike anionic thioureas where an excess of thiourea (3-10 
eq. relative to base) is used to achieve high selectivity,10 the 
use of only slight excess (1.2 eq) of heterocycle is sufficient, 
improving atom economy without compromising control.  
    The activities of the heterocycle anion catalysts span a 
wide range. Catalysts derived from imidazoles ([1-][K+], ([2-

][K+]) exhibit the lowest activities, while those derived from 
cyclic amidines ([3-][K+], ([4-][K+]) exhibit the highest 
activities. The indolocarbazole-based catalyst ([5-][K+]) 
exhibits intermediate activity, comparable to the previously 
reported 2,2’-bisindole potassium complex.23  For the 
structurally-related heterocycles 1-4,  the relative reactivity 
generally correspond to the pKa of the N-H of the pre-
catalyst (Figure 1c, pKa values measured by UV-Vis titration 
in DMSO, Supporting Information), where the more basic 
potassium salts of heterocycles 3 (pKa(DMSO) 23.1) and 4 
(pKa(DMSO) 24.3)  lead to faster polymerization rates. 
Although catalysts derived from 3 and 4 exhibit faster rates 
than those of 1, 2, and 5,  the high basicity of the anions 
derived from 3 and 4 can lead to undesired side reactions.  
For example, when the potassium salt [3-][K+] was employed 
as a catalyst under the condition of a 1:1 ratio of initiating 
alcohol and base for the ROP of ε-CL, a bimodal molecular 
weight distribution was obtained (Figure S3 in Supporting 
Information), which we attribute to competitive initiation 
by enolization of the lactone monomer.27  This competitive 
enolization could be minimized by employing a 20:1 ratio of 
alcohol to base (base: pre-catalyst: ROH: monomer = 1: 1.2: 
20: 1000, Table 1, entries 8-11).  The activity of [4-][K+] for the 
polymerization of δ-VL was so high that it could only be 
controlled by employing a continuous flow reactor, 
achieving reaction times as short as 100 milliseconds (Table 
1, entry 11. Figure S4 in Supporting Information). 

    Among the heterocycles investigated as catalysts, the 
indolocarbazole28 (5) behaves very differently from 
heterocycles 1-4 and is the most versatile in this series:  it is 
commercially available, exhibits high solubility, high 
activity, moderate basicity, and high selectivity. The activity 
of indolocarbazole 5 does not follow the general trend with 
pKa; the pKa(DMSO) of indolocarbazole 5 (pKa(DMSO) 18.2) is 
similar to that of 2(pKa(DMSO) 17.9), but its potassium salt ([5-

][K+], kinit = 0.24 M min-1 ) exhibits a much higher rate for ε-
CL polymerization than that of the biimidazole anion ([2-

][K+], kinit = 0.011 M min-1 ) (Table S1 in Supporting 
Information). Moreover, as described in more detail below, 
the activities of the deprotonated indolocarbazole 5 span 
over two orders of magnitude, depending on the nature of 
the counterion.  The tunable rates and excellent control 
observed across the library of [5-][M+] highlight the 
versatility of this catalyst system as a practical counterion-
tunable organocatalyst suitable for a wide variety of 
cyclicesters and carbonates like δ-VL, ε-CL, δ-CL, CHC, and 
TMC-Et2 (Figure 2b, Table 1, entry 12-22). 

    We investigated the influence of different cations on the 
activity of heterocycles 1-5 activated with different alkali 
metal amide or alkoxide bases ([Li,Na,K]+[N(TMS)2]

-, 
[Li,Na,K]+[OtBu]-, or CsOR).  For heterocycles 1-4, the 
nature of the cation had a moderate influence on the rate of 
polymerization, with the potassium salts faster than the 
sodium salts (by an approximate factor of 2-6x) and lithium 
salts (by an approximate factor of 10x) (Figure S6 in 
Supporting Information). These trends (ie., K+>Na+>Li+) are 
similar to those observed in anionic ring-opening 
polymerization where small and hard cations such as Li+ 
tend to inhibit anionic chain ends from efficient 
propagation by forming strong ion pairs or aggregates,29,30

  



even though the rates are slower than those initiated by, for 
example, [M+][-N(TMS)2] and alcohol.31 

    Contrasting the trends seen for heterocycle 1-4, the 
activities of the indolocarbazole anions [5-][M+] exhibit a 
pronounced dependence on the identity of the cation 
(Figure 

Table 1. Ring-Opening Polymerization with heterocycles 1~5 and basesa 

aUnless otherwise specified, [base]0:[pre-catalyst]0: [initiator]0: [monomer]0 = 1:1.2:4:200 and [monomer]0 = 1 M in THF at room 
temperature (reactions run in batch and quenched with benzoic acid). bDPtarget = [monomer]0/[initiator]0. 

cConversion 
determined by integrating monomer peaks against polymer peaks in 1H NMR. dActual DP determined by end group analysis in 
1H NMR. e Ð=Mw/Mn calculated by GPC analysis. f[KHMDS]0:[1]0: [I3]0: [L-LA]0 = 1:1.2:1.5:570 and [L-LA]0 = 3 M in 1:5 THF/DCM 
mixture. g[KHMDS]0:[2]0: [I2]0: [δ-VL]0 = 1:1.2:1:580 and [δ-VL]0 = 3 M in THF. h[Na/KHMDS]0:[3]0: [I2]0: [ε-CL]0 = 1:1.2:20:1000 and 
[ε-CL]0 = 1 M in THF. i[KHMDS]0:[3]0: [I2]0: [δ-TL]0 = 1:1.2:20:360 and [δ-TL]0 = 3 M in THF at -35oC. jExperiment conducted in a 
continuous flow system, [KOtBu]0:[4]0: [I2]0: [δ-VL]0 = 1:1.2:20:1000 and [δ-VL]0 = 1 M in THF. k[CsOR]0:[5]0:[I1]0:[ε-CL]0 

=1:1.2:3:200. l[KHMDS]0:[5]0: [I3]0: [δ-VL]0 = 1:1.2:1.6:800 and [δ-VL]0 = 2 M in THF. m[KHMDS]0:[5]0: [I2]0: [δ-CL]0 = 1:1.2:2:200 and 
[δ-CL]0 = 6 M in THF. n[NaHMDS]0:[5]0: [I3]0: [δ-CL]0 = 1:1.2:1.6:1200 and [δ-CL]0 = 6 M in THF. 

 

S7-S10 in Supporting Information), following the order Na+ 
> Li+ > K+ > Cs+, Ipr+  (1,3-diisopropylimidazolium). The 
pattern is at odds with what was observed in the anionic 
polymerization of lactones by alkoxides, while bearing 
resemblance to the behavior seen for 2,2’-bisindole.23 For 
instance, polymerization of ε-CL with [5-][Na+] reaches 98% 
conversion in just 35 seconds, compared to over 40 minutes 
required to achieve 89% conversion with [5-][Cs+] (Table1, 
entry 13, 15). These differences in overall activity are 
reflected both in the initial rates and the observed rate laws. 
The initial rate for the catalyst derived from [5-][Na+] is 7.8  
times faster than that of [5-][K+], and 26 times faster than 
those of [5-][Cs+] or [5-][Ipr+]. Furthermore, the 

enhancement of reactivity was also accompanied by a 
change in the rate law. While the polymerization rate of ε-
CL with ([5-][K+], [5-][Cs+] or [5-][Ipr+]) is first order in [ε-
CL], that with ([5-][Na+]) is zero-order in [ε-CL]. The lithium 
salt ([5-][Li+]) exhibits intermediate activity (kinit = 1.02 M 
min-1) between ([5-][Na+] kinit = 1.83 M min-1) and ([5-][K+] kinit 
= 0.24 M min-1) and a rate law intermediate between 0 and 
1st order for [ε-CL]0 = 1M.  Notably, the ROP of ε-CL with  [5-

][Li+] exhibits higher rate than that of the much more basic 
[RO-][Li+] system31, while demonstrating much better 
control, as the dispersity stays narrow during the 
polymerization (Đ([5-][Li+])= 1.04, Đ([RO-][Li+])= 1.22 at 
~90% conversion) (Table 1, entry 16).31 

Entry Catalyst/Initiator Monomer(DPtarget)
b Time (min) Conversionc (%) DP(theory/actual)

d            Ðe 

1 1c/ I3 L-LA(50) 20 98 49/50 1.03 

2 1b/ I3 L-LA(50) 20 89 45/50 1.01 

3f 1c/ I3 L-LA(380) 80 >99 380/385 1.10 

4 1c/ I3 ε-CL(50) 120 0 - - 

5 2c/ I2 L-LA(50) 0.017 80 40/41 1.02 

6 2c/ I1 δ-VL(50) 20 88 44/45 1.04 

7g 2c/ I2 δ-VL(580) 35 90 522/468 1.05 

8h 3c/ I2 ε-CL(50) 2.5 92 46/47 1.07 

9
h 

3b/ I2 ε-CL(50) 4 55 - - 

10i 3c/ I2 δ-TL(18) 210 82 15/14 1.04 

11j 4c/ I2 δ-VL(50) 0.0017 89 45/45 1.04 

12k 5e/ I1 ε-CL(50) 40 89 45/44 - 

13 5d/ I4, I1 ε-CL(50) 36 83 42/56 - 

14 5c/ I1 ε-CL(50) 12 94 47/52 1.12 

15 5b/ I1 ε-CL(50) 0.58 98 49/47 1.07 

16 5a/ I1 ε-CL(50) 1.17 90 45/46 1.04 

17 5c/ I1 δ-VL(50) 0.5 89 45/46 1.02 

18l 5c/ I3 δ-VL(500) 1.83 94 470/488 1.10 

19m 5c/ I2 δ-CL(100) 10 87 87/91 1.03 

20n 5b/ I3 δ-CL(750) 140 83 613/600 1.01 

21 5c/ I3 CHC(50) 1 82 41/40 1.16 

22 5c/ I3 TMC-Et2(50) 0.1 73 37/40 1.03 



 

    The unusual counterion dependence (Na+>Li+> K+> Cs+) 
of the polymerization rate with [5-][M+] is similar to that of 
the 2,2’-biisindole anions, in which strong ion-dipole 
interactions between the cation and the lactone carbonyl 
group was implicated by DFT computations.23  
    To test the cation-dipole interactions between [5-][M+] 
and lactone monomers under simulated catalytic conditions 
(with ROH in THF, 25oC) without initiating ring-opening 

polymerization reactions, we employed -DL, a lactone that 
does not readily polymerize under these conditions. The 13C 

NMR signal of -DL was monitored both in the presence and 
absence of various [5-][M+] salts with initiator alcohol in 
deuterated THF. As shown in Table 2, the 13C NMR signal of 

-DL carbonyl group shifts downfield by 0.4 ppm upon 
addition of neutral heterocycle 5 (Table 2, entry 1,2), likely 
due to the hydrogen bonding interactions between N-H 

motif and the -DL carbonyl group. Introducing an 
equimolar of [Li,Na,K]+[N(TMS)2]

- to 5 led to the formation 

of salt ([5-][Li,Na,K]+); in the presence of this salt, the -DL 
carbonyl 13C NMR signal shifts downfield by 0.27-0.81 ppm 
(relative to 176.73 ppm, Table 2, entry 3, 5, 7), indicative of 

an interaction between [Li,Na,K]+ and -DL carbonyl group. 
On the other hand, [5-][Cs+] bearing a large and soft cesium 

cation did not induce additional shifts of the -DL carbonyl 
signal compared to neutral heterocycle 5 (Table 2, entry 9). 
The addition of crown ethers32 (benzo-12-crown-4 (B12C4) 
to [5-][Li+] and benzo-15-crown-5 (B15C5) to [5-][Na+]) 
substantially mitigated the downfield shifts triggered by [5-

][Li+] and [5-][Na+]. In the presence of crown ethers, the -
DL carbonyl 13C NMR shifts closely resembled those 
observed with neutral 5 or [5-][Cs+], suggesting that the 
employed crown ethers are potent ligands that compete 

favorably with -DL in binding to given alkali metal cations.  
 

 
 
    To further evaluate the unusual counterion dependence 
on the rate of ε-CL polymerization with [5-][M+], we 

investigated the influence of added crown ethers and -DL 
on the polymerization rate. As indicated in Table 3, 

introducing benzo-15-crown-5 (5 eq. vs Na+) to a ε-CL 
polymerization with [5-][Na+]/I1 not only significantly 
inhibited the initial rate (kinit (no additive)= 1.83 M min-1 
compared to kinit(B15C5) = 0.49 M min-1), but also shifted the 
reaction kinetics from zero-order in [ε-CL] to first-order. 

(Table 3, entry 4-5. Figure 4b). Similarly, the addition of -
DL (126 eq. vs Na+) to ε-CL polymerization with  [5-][Na+]/I1 

led to a decrease in rate (kinit(-DL) = 0.43 M min-1) and a 
change in the rate law to near first-order, indicating the 
presence of strong competition between the non-

polymerizable -DL and the polymerizable ε-CL (Table 3, 
entry 6. Figure 4b). Similar rate inhibitions were observed 

upon the addition of B12C4 or -DL to [5-][Li+] (Table 3, entry 

1-3). However, the addition of crown ethers or -DL  had 
little effect on the rate of polymerization with the potassium 
salts [5-][K+] (Table 3, entry 7-9. Figure S11 in Supporting 
Information). 
    These data indicate that: (1) the mechanisms of 
enchainment for anions derived from heterocycles 1-4 differ 
from that of 5, and (2) that for the [5-][M+] salts, the Na+ and 
Li+ counterions behave differently than the K+ or Cs+ 
counterions. For catalysts derived from 1-4, the strong 
dependence of the activity on the basicity of the heterocycle 
anions suggests that alcohol activation by hydrogen 
bonding to the anion is the most significant contributor to 
the rate.10-13 This mechanism is consistent with that 
proposed for serine activation in the catalytic triad in serine 
proteases.33,34  The cation dependence with [1-4]-[M]+ is 
similar to that of the anionic polymerizations29-31 and 
implicates that for these catalysts, the cation primarily 
functions as an inhibitor during the catalytic process. 

    For indolocarbazole 5, the strong influence of counterion 
on the polymerization rate (Na+ >Li+> K+ > Cs+, Ipr+) is 
indicative of a different mechanism from that of 1-4.  In the 
presence of small and hard cations such as Li+ and Na+ 
within the [5-][M+] complex, we propose that activation of 
the monomer and stabilization of the tetrahedral 
intermediate is facilitated by a direct ion-dipole  interaction 
with the cation, which is suitably positioned by a cation-π 
interaction35-38 with the aromatic system of indolocarbazole 
(Figure 4a, Path A). The 13C NMR experiments and the 
pronounced rate inhibition observed with the addition of 

crown ethers or -DL both support this hypothesis.  The 
zero-order kinetics in these cases is consistent with the rate-
determining formation of the tetrahedral intermediate 
(INT1) from the reaction complex (RC) (Figure 4a, Path A); 
in the saturation regime where binding of the alkali cation 
to the indolocarbazole is favorable, an increase in monomer 
concentration will not influence the steady-state 
concentration of RC, leading to zero order kinetics in 
monomer.  Indolocarbazoles such as 5 have been extensively 
investigated as anion-binding agents;28,39-43  crystallographic 
studies of TBA+Cl- adducts indicate that the halide anion 
binds to the N-H bonds, while the associated TBA+ cations 
coordinate above the π-system of the indolocarbazole 
through a cation-π interaction.39 This is analogous to the 
interaction depicted in Figure 4a, Path A. For the K+ 
counterions, the rate’s insensitivity to added crown ether or 

-DL is inconsistent with Path A. Catalysts derived from 



 

anions of 5 with K+, Cs+, Ipr+ counterions all exhibit first-
order dependence on monomer concentration.  For these 
counterions, it is likely that the propagation occurs through 
a complex series of equilibria between ion pairs and solvent-
separated ion pairs (Path B).29-30,44-46  

    While the mechanism depicted in Figure 4a provides a 
reasonable rationale for the results reported here, the 
situation is likely more complex. Counterion effects have 
been the subject of intensive studies in the field of anionic 

polymerization; for alkali metal alkoxide-mediated 
polymerization reactions, these effects have been attributed 
to complex equilibria between alkoxide aggregates, ion 
pairs, separated ion pairs and free alkoxide anions.29-30,44-46 
For the deprotonated heterocycle anion catalysts here, 
hydrogen bonding between the alcohol and the heterocycle 
anion both solubilizes and modulates the nucleophilicity of 
the propagating alcohol/alkoxide. The crucial role of the 
cation-π interaction in optimally positioning the alkali 
metal cation 

 

 

 

 

 

for monomer activation is further corroborated by the 
counterion inhibition observed with heterocycles 1-4, where 
cation-π interactions would not be significant, due to the 

electron poor nature of the imidazole ring47 and cyclic 
amidine’s lack of an aromatic π system. 



 

    This dual activation of the monomer and propagating 
alcohol chain-end offers a novel design motif for ring-
opening polymerization. This unique approach allows for 
the optimization of both the nature of the cation and the 
heterocycle, positioning both the alcohol and Lewis-acidic 
counterion in the optimal position for the key nucleophilic 
attack step. Within this framework, the [5-][M+] system 
demonstrates its unique ability to transform small alkali 
metal cations from chain-end inhibitors into monomer 
activators. This remarkable capability of indolocarbazole 5 
is best elucidated when compared to heterocycle 2, which 
shares a similar pKa (pKa(DMSO) 18.2 vs 17.9). With larger 
cations such as K+ or Cs+, the activity of [5-][M+] and [2-][M+] 
differ only by a factor of 4 (krel([5

-][Cs+])=40, krel([2
-][K+])=10, 

Figure 2a), and the activity in these cases is predominantly 
governed by the nucleophilic activation provided by 
similarly basic anions. The scenario changes dramatically 
when small and hard cations such as Li+ and Na+ come into 
play: these cations become increasingly inhibiting for the [2-

][M+] system due to strong alkoxide binding, while 
becoming more activating for [5-][M+] due to strong 
monomer activation and cation-π interactions. As a result, 
[5-][Li+] exhibits an initial rate that is 930 times faster than 
that of [2-][Li+] (Figure 2a. Table S1 in Supporting 
Information) despite their comparable basicities. 

CONCLUSION: In this study, we present the development, 
characterization, and mechanistic investigations of a new 
class of heterocycle organocatalysts for ring-opening 
polymerization reactions. Despite sharing some structural 
and electronic attributes, these heterocycle catalysts 
demonstrate drastically different kinetic behaviors 
regarding the nature of cations. Mechanistic investigations 
implicate different mechanisms for these heterocycles: for 
anions derived from imidazol(in)e 1-4, small alkali metal 
cations like Li+ and Na+ inhibit the rate of polymerization, 
whereas for indolocarbazole anions these counterions bind 
and activate the monomer for the nucleophilic attack. The 
indolocarbazole anions are versatile organocatalysts for 
polymerization of a wide array of monomers under diverse 
conditions; their ability to position small alkali metal 
cations (Li+ and Na+) through cation-π interactions in a 
geometry suitable for monomer activation reveals a new 
motif for monomer activation. This insight may pave the 
way for new methods to exploit counterion effects in anionic 
polymerizations and other organic transformations.  
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