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Abstract: The development of hydrogen bond donors (HBDs) as catalytic moieties in the cycloaddition of carbon 
dioxide to epoxides is an active field of research to access efficient, inexpensive and sustainable metal-free systems for 
the conversion of carbon dioxide to useful chemicals. Thus far, no systematic attempt to correlate the activity of a 
diverse selection of HBDs to their physico-chemical properties has been undertaken. In this work, we investigate factors 
influencing the catalytic activity of hydroxyl HBDs from different chemical families under ambient conditions by 
considering the HBDs Brønsted acidity (expressed as pKa), the number of hydroxyls and structural aspects. As an effect, 
this study highlights the crucial role of the hydroxyl protons’ Brønsted acidity in determining the catalytic activity of the 
HBDs, identifies an ideal range for the hydroxyl HBDs proton acidity (9 <pKa <11) and leads to a revaluation of phenol 
and to the discovery of a simple ascorbic acid derivative as efficient HBDs for the title cycloaddition reaction. Density 
functional theory (DFT) calculations show mild reactions barriers for the reaction catalysed by phenol and suggest the 
occurrence of aggregation between molecules of ascorbic acid as a further factor affecting catalytic activity. 
 
Keywords: Cycloaddition of CO2; Cyclic carbonates; Organocatalysis, Brønsted acidity, hydrogen bond 

Introduction 

The last few decades have seen the impressive 
rise of organocatalysis as a way to establish 
metal-free processes that might result 
advantageous in terms of catalyst costs, toxicity, 
stability and availability when compared to the 
classical metal-based systems.[1] Organocatalysts 
are often readily accessible renewable 
compounds such as aminoacids,[2] peptides,[3] 
sugars[4] and vitamins[5] or their derivatives. 
Among several families of organocatalysts, 
HBDs occupy a prominent position for their 
ability to activate the reaction substrates by a 
well-defined array of H-bonds.[6] 
The cycloaddition of CO2 to epoxides[7] is 
counted among viable strategies for the chemical 
fixation of CO2 into commodity chemicals.[8] It 
leads to industrially relevant cyclic organic 
carbonates[9] that find increasing application as 
chemical intermediates[10] and green solvents.[11] 

The cycloaddition reaction can take place under 
atmospheric conditions, or even from flue gas,[12] 
when applying several types of catalytic systems 
including organocatalysts,[5,13] metal-organic 
complexes[14] coordination compounds[15] and 
porous organic polymers[16] thus resulting in a 
potentially sustainable, low-energy intensive 
process for CO2 fixation.[7c,17] 
In this context, the activity of organocatalysts in 
the cycloaddition of CO2 to epoxides is generally 
lower than that of metal-based systems.[7c] 
Nevertheless, given several advantageous aspects 
of organocatalysis in terms of costs and 
sustainability,[1] the development of more active 
organocatalytic systems for the conversion of 
CO2 to cyclic carbonates is highly sought after 
and constitutes an active field of research.[7e-g,18] 
HBDs are known to activate the epoxide substrate 
by the formation of H-bonds facilitating its ring-
opening by the attack of the nucleophilic catalytic 
component.[5,19] Active HBDs for the 
cycloaddition of CO2 to epoxides include several 
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classes of compounds that have been careful 
reviewed.[7e-g] Among them, hydroxyl HBDs are 
likely to represent the broadest family of 
catalytically active species and include 
functionalized monoalcohols,[20] glycols,[21] 
polyalcohols,[22] fluorinated alcohols,[23] hydroxy-
functionalized N-heterocycles,[24] silanediols,[25] 
boronic acids,[26] carboxylic acids,[27] ascorbic 
acid[5] and several compounds containing 
phenolic[28] or polyhydroxyphenolic moieties. 

[19a,29] Despite the extensive use of hydroxyl 
HBDs in literature as catalytic components for 
the title cycloaddition, there have been very few 
systematic attempts to correlate their catalytic 
performance to their physico-chemical properties; 
most reports investigating the performance of a 
single species or of a restricted selection of 
analogous HBDs. 
Tassaing et al. have analysed the catalytic activity 
of a broad selection of commercially available 
HBDs at 60 °C, 20 bar CO2 pressure finding 
higher catalytic activity for polyhydroxyphenols 
(catechol, pyrogallol, gallic acid) and for 
fluorinated benzylic alcohols.[23] However, the 
authors did not attempt to correlate the physico-
chemical properties of the HBDs to the observed 
trend of catalytic activity. In an earlier study, 
Kleij et al. investigated the catalytic activity of 
phenol and polyhydroxy phenols.[19a] Pyrogallol 
was found as the most efficient HBD. With the 
support of DFT calculations, the latter 
observation was attributed to the stabilization of 
the reaction intermediate by a network of H-
bonds. In a study on Fiddler crab-type 
imidazolium salts for the cycloaddition of CO2 to 
epoxides, Dai et al. observed dependency of the 
catalytic activity on the pH generated by the 
HBDs in CH2Cl2/MeOH solutions.[30] 
In this work, we initially studied the catalytic 
activity of several, structurally diverse, readily 
available HBDs for the cycloaddition of CO2 to 
epichlorohydrin under ambient conditions (r.t., 1 
bar CO2) and we analysed the dependency of the 
observed performance on the Brønsted acidity of 
the HBDs and on the number of hydroxyls in the 
scaffold. We show that the catalytic activity of 
the HBDs is strongly dependent on the pKa of the 
most acidic proton in the HBD molecule and that 
the presence of multiple hydroxyls in the HBD is 
generally not crucial to achieve high catalytic 
activity, but it might play a role in tuning the 
HBD performance. Compounds with pKa in the 
9-11 range are the most efficient hydroxyl HBDs 
for the cycloaddition of CO2 to epoxides under 
ambient conditions. Moreover, the catalytic 
mechanism of the most relevant catalysts is 
analysed by a comparative DFT investigation.  

 

Results and Discussion 

Catalytic studies 

We evaluated a selection of readily available 
hydroxyl HBDs in the cycloaddition of CO2 of 
epichlorohydrin (1a) under ambient conditions 
(r.t., CO2 balloon). to afford the corresponding 
carbonate (2a, Table 1). Two parameters were 
evaluated, i.e. the initial reaction rate, determined 
by in situ IR, in the first 20 min of reaction,[14e,31] 
and the reaction turnover frequency (TOF) 
calculated based on conversion after 23 h. The 
HBDs include phenols, ascorbic acid and its 
derivatives 3-5, carboxylic acids, mono- and 
polyalcohols (Scheme S1 in the SI). The current 
choice of HBDs enables comparison between 
different kinds of hydroxyls, covers a broad range 
of pKa values, from about 3 of salicylic acid to 
about 15.5 of cyclohexanol, and includes HBDs 
with 1 to 5 H-bond donor moieties. Importantly, 
it allows the study of series and combinations of 
HBDs for which a) the number of hydroxyls in 
structurally similar compounds varies without 
leading to strong changes of pKa (for instance, 
phenol-catechol-pyrogallol; ascorbic acid-3, 4-5 
b) the pKa is varied by modification (protection, 
substitution, addition) of a single functional 
group of the scaffold (for instance p-
methoxyphenol-phenol-p-nitrophenol-salicylic 
acid, 3-4, pyrogallol-gallic acid etc.). These 
concepts are shown graphically in Scheme S2 in 
the SI. All HBDs were soluble in 1a except for 
ascorbic acid, fructose and erythritol. However, 
the latter compounds became completely 
(ascorbic acid, fructose) or partially (erythritol) 
soluble in the presence of TBAI and gave clear 
solutions with the progress of the reaction. 
Besides the HBD, the coupling of CO2 and 
epoxides requires a nucleophile for the step of 
epoxide ring-opening.[31] To avoid possible bias 
due to the use of a single nucleophile, a 
representative selection of the HBDs was tested 
in combination with a full set of nucleophiles 
including quaternary ammonium salts (TBAI and 
TBAB = tetrabutylammonium iodide and 
bromide, respectively), a pyridine nucleophile 
(DMAP; N,N-dimethylamino pyridine), 
polycyclic tertiary amine DABCO (1,4-
Diazabicyclo[2.2.2]octane) and amidine base 
DBU (1,8-Diazabicyclo [5.4.0]undec-7-ene).  
By analysing the results in Table 1 some trends of 
activity can be observed: (i) phenol, p-
methoxyphenol and its polyhydroxyphenol 
analogues (Table 1 entries 2-5) are the most 
active HBDs for all nucleophiles. (ii) the best 
catalytic performances were observed in all cases 
when TBAI was used as the nucleophile.  
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Table 1. Screening of various HBDs and nucleophiles for the cycloaddition of CO2 to epichlorohydrin.[a]  

[a] 1a (25 mmol), HBD 0.5 mmol (2 mol %) and nucleophile 1 mmol (4 mol %), r.t., 1 bar CO2 (balloon), 23 h. [b] 

Conversion determined by 1H NMR (See the SI file). [c] Relative to the most acidic proton of the HBD. [d] TON and TOF 

values are for the reaction catalysed by HBD/TBAI. [e] krel: ratio between the initial rate of formation of 2a for the 

HBD/TBAI pair and for phenol/TBAI; the initial rates of 2a formation were determined by in situ IR by monitoring the 

time evolution of the band relative to the C=O stretching of 2a (See section S7 in the SI). [f] Taken from reference [5]. [g] 

HBD initially insoluble. [h] Estimated values based on pKa(2) of ascorbic acid (See Section S6 of the SI). 

(iii) The order of activity of the nucleophiles 
follows, as well, a general trend 
(TBAI>TBAB>DBU≈DMAP>DABCO). 
Therefore, as TBAI is generally the most active 
nucleophile, and as the order of activity of the 
HBDs is broadly preserved for all nucleophiles, 
we will focus our attention exclusively on the 
HBD/TBAI systems. (iv) All HBD/TBAI 
catalytic systems showed a better conversion than 
TBAI alone (Table 1, Entry 1) suggesting, in all 
cases, a contribution of the HBD to the observed 
catalytic activity. The initial rate of erythritol 
was, however, low compared to the final 
conversion and TOF values observed after 23 h 
that are more in line with those of the other 
alcoholic compounds (Table 1, Entries 13-16). 
This is attributable to its initial partial insolubility 
in the reaction mixture that affected the 
measurement of the initial rate. By plotting the 
initial rates in Table 1 versus the number of 
hydroxyls in the HBDs (Figure S21 in the SI), the 
absence of a clear correlation between catalytic 
activity and the number of hydroxyls in the HBDs 

is evident: catalysts with similar activity are 
found for different number of hydroxyls and 
HBDs with very different activity are found for 
the same number of hydroxyls. Additionally, a 
single hydroxyl group is sufficient to achieve 
relatively high catalytic activity. Indeed, the 
catalytic activity does not increase in the phenol-
catechol-pyrogallol series. The addition of a 
carboxylic acid to the scaffolds of phenol 
(salicylic acid) and pyrogallol (gallic acid) led to 
a decrease of activity. Conversely, ascorbic acid 
(4 hydroxyls) is more active than 3 with 2 
hydroxyls. The same is true for 5 and 4 (See also 
discussion in the computations section). At 
variance with our observations, Kleij et al. found 
pyrogallol as a most active compound than 
phenol and catechol for the cycloaddition of CO2 
to epoxides.[19a] This conclusion was supported by 
a comparative study by Tassaing et al.[23] 
However, in both cases, the initial assessment of 
catalytic activity was carried out under different 
conditions than ours (T = 45 °C, PCO2 = 10 bar 
using methyl ethyl ketone (MEK) as the solvent 

Entry HBD Conversion of 1a (%)[b] pKa
[c] TON/ 

TOF (h-1)[d] 

krel
[e] 

TBAI TBAB DMAP DBU DABCO 

1  31 35 13 33 6  15.5/0.67  

2 Phenol 87 78 39 31 28 9.90 43.5/1.89 1.00 

3 p-methoxyphenol 84     10.21 41/1.83 1.00 

4 Catechol 82 67 33 36 19 9.34 41/1.78 0.97 

5 Pyrogallol 82 68 32 31 7 9.05 41/1.78 0.95 

6 p-nitrophenol 65     7.15 32.5/1.41 0.84 

7 Gallic acid 70     4.40 35/1.52 0.62 

8 Salicylic acid 57     2.98 28.5/1.24 0.35 

9 (L)-Ascorbic acid    70[f]    55[f] 15 17 8 4.04 35/1.52 0.61 

10 Benzoic acid 63     4.20 31.5/1.37 0.58 

11 Lactic acid 59 52 25 36 11 3.86 29.5/1.28 0.59 

12 (D)-Fructose 78     12.03 39/1.70 0.82 

13 Glycerol carbonate 63     13.71 31.5/1.37 0.63 

14 meso-Erythritol[g] 54 45 13 21 4 13.90 27/1.17 0.26 

15 trans-Cyclohexanediol 61     14.5 30.5/1.33 0.61 

16 Cyclohexanol 57     15.5 28.5/1.24 0.35 

17 3    58[f]     4.06 29/1.26 0.53 

18 4 74     ≈11.3[h] 37/1.61 0.84 

19 5 80     ≈11.3[h] 40/1.74 1.01 

10.1002/adsc.201801093

A
cc

ep
te

d 
M

an
us

cr
ip

t

Advanced Synthesis & Catalysis

This article is protected by copyright. All rights reserved.



 4 

for Kleij et al. T = 60°C, PCO2 = 20 bar for Alves 
et al.)  
By plotting the relative initial rates in Table 1 
versus the HBDs pKa values (See also Section 
S6) a clear pKa-dependent trend is revealed 
(Figure 1). The catalytic activity progressively 
increases by increasing the pKa in the 3-11 range. 
Phenolic compounds such as phenol, p-
methoxyphenol, catechol and pyrogallol lay 
within an optimal range of Brønsted acidity (pKa 
= 9-10.5). An increase of pKa over 12 leads to 
decrease of the catalytic performance. 
Compounds bearing acidic carboxylic groups 
have generally lower activity than their 
counterparts. Interestingly, protection of the most 
acidic conjugated enediolic hydroxyl proton (pKa 
=4.04-4.06) of ascorbic acid or 3, to afford, 
respectively, 5 and 4, led to less acidic and more 
active HBDs (pKa ≈ 11.34). Whereas initial 
reaction rates are reliable kinetic parameters for 
benchmarking catalysts,[32] TOF values are 
average rates through the whole course of the 
reaction and are often used for catalytic activity 
comparison.[33] By analysis of the dependency of 
the TOF values in Table 1 versus the pKa (See 
Figure S22 of the SI), the trend of Figure 1 was 
generally reproduced. Ascorbic acid and meso-
erythritol show slightly higher activity compared 

to what expected based on the initial reaction 
rates. To note, with the progress of the reaction, 
the 1a substrate is progressively replaced as the 
reaction medium by its much more polar 
carbonate analogue. This change in the polarity 
can lead to the slight differences observed when 
comparing the initial rates (Figure 1) and TOF 
plots (Figure S22). To demonstrate that the 
obtained trend does not depend on the use of 1a 
as substrate, we studied a representative selection 
of the HBDs presented in Table 1 for propylene 
oxide (PO) using TBAI as the nucleophile (Table 
S1 in the SI). As for the case of 1a, phenol was 
the most active HBD with an activity very similar 
to that of 5. Moreover, 5 was more active than 4 
and both were more active than ascorbic acid. 
Compound 3 was the least active HBD. 
Additionally, the catalytic activity of phenol was 
higher than that of ascorbic acid (Table S1, 
Entries 6-11) and comparable to that of 5 (Table 
S1, Entries 12-14) for several other epoxides. 
Interestingly, 5, a readily available derivative of 
non-toxic and renewable ascorbic acid, is as a 
highly active HBD for the cycloaddition of CO2 
to terminal epoxides generally leading to high 
yields of carbonate under ambient conditions that 
become quantitative under very mild conditions 
(40 °C, 1 bar CO2; see Table S1, Entries 12-15).

Figure 1. Relationship between pKa of the HBDs and the relative initial rates (krel, Table 1) for the cycloaddition of CO2 to 

1a under ambient conditions. Red dots: phenols; green diamonds: carboxylic acids; yellow dots: mono- and polyalcohols; 

blue squares: ascorbic acid and its derivatives. The blue dashed line is a guide to highlight the pKa-dependent change of 

catalytic activity among ascorbic acid and its analogues.   
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Mechanistic considerations and computational 

investigation 

Brønsted acidity and H-bond strength are closely 
related; the strength of the H-bond between the 
HBD and the acceptor molecule can be evaluated 
by the pKa-slide rule.[34] Epoxides (i.e. cyclic 
ethers) are expected to form H-bonds of medium 
strength with alcohols and medium-strong H-
bonds with phenols and compounds of similar 
acidity (pKa 9-11). Even stronger H-bonds should 
be established between epoxides and HBDs with 
pKa close to 4 and lower.  
To note, a comparable bell-shaped dependency of 
catalytic efficiency on HBDs Brønsted acidity 
(pKa) was previously identified for other catalytic 
reactions such as the aza- and the Morita-Baylis-
Hillman (MBH) reactions. In these cases, the 
optimal HBD pKa was found to be around 8 (3,5-
bis(trifluoromethyl)phenol) and 7.2 (p-
nitrophenol), respectively.[35] Interestingly, the 
cycloaddition of CO2 to epoxides and the MBH 
reaction are both catalysed by binary systems 
composed of a nucleophile and a HBD and 
involve zwitterionic intermediates (Scheme 1). 
Zipse et al. showed that the addition of excessive 
amounts of p-nitrophenol as HBD to the aza-
Morita-Baylis-Hillman would led to a slow-down 
of the reaction rate due to the protonation of the 
key zwitterionic intermediate.[36] Similarly, the 
use of excessively acidic HBDs, could lead to the 
protonation of the reaction intermediates formed 
in the mechanistic steps of the cycloaddition of 
CO2 to epoxides. Additionally, as recently 
reported by Hong et al.,[28f] the use of very strong 
HBDs could be detrimental if the cleavage of the 
H-bond in the final cyclization process (vide infra 
for reaction mechanism) is the rate-determining 
step of the reaction. Finally, Chen et al. proposed 
that highly acidic C2 protons of imidazole HBDs 
could inhibit CO2 insertion because of strong 
interactions between the HBD and the ring-
opened alkoxide intermediate.[30] 
 
Scheme 1. Zwitterionic reaction intermediates within 

the catalytic cycles of a) the cycloaddition of CO2 to 

epoxides, b) the Morita-Baylis-Hillman reaction. 

 

Based on these factors, the bell-shaped curve in 
Figure 1 could be tentatively explained as a trade-
off between “strong enough” H-bonds (required 
for the activation of the epoxide), and the 
undesired protonation, or too strong coordination, 
of key zwitterionic reaction intermediates 
occurring for the most acidic HBDs. 
To gain further mechanistic insight, we performed 
density functional theory (DFT) calculations at 
the GGA B3LYP/6-31G+(d,p) level, including 
the D3 dispersion correction scheme (See section 
S8 of the SI for details), using the cycloaddition 
of CO2 to PO as a model reaction. The reaction 
barriers for the three elementary steps (epoxide 
ring opening (I), CO2 insertion (II) and carbonate 
ring closure (III))[5,19a,31] of the reactions catalysed 
by 4, 5 (See also Figures S23 and S24 of the SI) 
and phenol in the presence of TBAI were 
calculated (Table 2). For the sake of comparison, 
previously reported[5] barriers for ascorbic 
acid/TBAI and 3/TBAI are also displayed in 
Table 2 along with the barriers calculated by 
Whiteoak et al. for phenol using a DFT (B3LYP) 
functional in MEK.[19a] The cycloaddition reaction 
elementary steps have comparable energy barriers 
and, therefore, they might all play a relevant role 
in the catalytic process.[37] 
 
Table 2. Calculated barriers for mechanistic steps I-III 

for the cycloaddition of CO2 to PO catalysed by 

ascorbic acid, ascorbic acid derivatives 3-5 and phenol 

in the presence of TBAI. 

 
Entry HBD Energy Barriers 

(kcal/mol)[a] 

I II III 

1[b] Ascorbic acid 13.0 12.2 15.4 

2[b] 3 16.2 17.9 19.0 

3 4 28.0 30.4 31.5 

4 5 23.9 24.1 25.1 

5 phenol 18.0 20.2 8.6 

6[c] phenol 31.7 37.7 8.7 

[a] The values in bold are for the rate determining step. [b] 

Taken from reference [5]. [c] Taken from reference [19a]. 
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The rate determining step for ascorbic acid and its 
derivatives (Table 2, Entries 1-4) is the carbonate 
ring closure, whereas, for the case of phenol, CO2 
insertion displays the highest barrier (20.2 
kcal/mol, Table 2, Entry 5). Both upper reaction 
barriers for 4 and 5 are higher than for phenol 
(31.5, 25.1 versus 20.2 kcal/mol respectively) that 
is qualitatively in agreement with the better 
catalytic performance of phenol compared to 4, 
and similar to 5, for the cycloaddition of CO2 to 
PO (Table S2 in the SI). To note, the predicted 
upper barrier of 20.2 kcal/mol for phenol is much 
lower than that of 37.7 kcal/mol earlier reported 
by Whiteoak et al. (Table 2, Entry 6) and in line 
with the reported catalytic activity at r.t. The latter 
calculations, published in 2012, were in MEK and 
did not include the dispersion Grimme corrections 
that is crucial to describe adequately H-bond 
networks.[38] The recalculation at the B3LYP/6-
31G(d,p)-SMD level starting with the current 
optimized B3LYP/6-31+G** geometries 
confirmed again the importance of the missing 
dispersion corrections for the energy data reported 
in the past (See Table S2). The upper reaction 
barrier for phenol (20.2 kcal/mol) is comparable 
to that calculated by Maeda et al. for a 
calix[4]pyrrole/TBAI organocatalytic system 
(21.1 kcal/mol)[39] and about 6-10 kcal/mol lower 
than for other recently studied organocatalysts.[40] 
The upper barrier for compound 4 (31.4 kcal/mol, 
Table 2, Entry 3) is higher than for 5 (25.1 
kcal/mol, Table 2, Entry 4). This difference can 
be explained by the availability of the additional 
hydrogen-bonding ethyldiol protons in the side 
chain of 5 that contribute to the stabilization of 
the reaction intermediates (Figures S23 and S24 
in the SI). A similar result was previously 
observed when exploring the difference of 
activity between 3 and ascorbic acid.[5] These 
observations suggest that, in case of analogous 
compounds with the same Brønsted acidity (3 and 
ascorbic acid, 4 and 5), also structural features, 
such as the availability of additional H-bonding 
moieties, might have an impact on catalytic 
activity. Remarkably, the lowest upper reaction 
barriers overall were calculated for ascorbic acid 
and its derivative 3 (Table 2, Entries 1, 2). As 
expected,[28f] these more acidic compounds show 
the lowest energy barriers for ring opening and 
CO2 insertion (I, II) among all HBDs in Table 2. 
At variance with what suggested by Dai et al., the 
acidity of ascorbic acid and 3 does not lead to 
high energy barriers for the insertion of CO2.[30]  
As discussed above, a possible explanation for 
their lower observed catalytic activity compared 
to 4, 5 and phenol, despite the lower calculated 
energy barriers, could be the protonation of the 
alkoxide intermediate produced in step I by the 
acidic conjugated enediolic proton. Additionally, 
the tendency of the more acidic HBDs to 

aggregate in the aprotic epoxide medium should 
be considered. Whereas the energy barriers 
relative to the dissociation of the H-bond between 
molecules of alcohol[41] or phenol[42] are generally 
relatively low (5-10 kcal/mol), it has been shown 
that carboxylic acids form trimers in aprotic 
solvents with stabilization energies in the range of 
25 kcal/mol and ΔG<0.[43] Such tendency to 
aggregation might have the effect of lowering the 
HBDs actual concentration with detrimental 
effects on activity. Indeed, for the case of ascorbic 
acid our calculations (See Figure S25 of the SI) 
show that the formation of a dimer is favoured in 
PO by 3.7 kcal/mol (ΔH =-20.5 kcal/mol). This 
hypothesis could be tentatively confirmed by 1H 
NMR analysis of solutions of ascorbic acid/TBAI 
in 1a (See Section S9, SI). In case of 5, protection 
of the most acidic proton with the n-butyl chain 
disfavours the formation of dimers (ΔH: -9.5 
kcal/mol; ΔG = +2.3 kcal/mol; see Figure S25). 
Therefore, the higher activity of phenol, 4 and 5 
compared to ascorbic acid can be justified by their 
lower Brønsted acidity. Additionally, the lack of 
intermolecular association between the molecules 
of HBD could also play a role. 

Conclusion 

We investigated the correlation between the 
catalytic activity of hydroxyl HBDs in the 
cycloaddition of CO2 to epoxides and physico-
chemical properties such as the number of 
hydroxyls and the HBDs’ Brønsted acidity. By 
catalytic screening of several families of HBDs in 
the coupling of CO2 to 1a under ambient 
conditions, we found out a clear correlation 
between pKa and catalytic activity (Figure 1). The 
optimal pKa region (9-11) corresponds to that of 
phenol and justifies the widespread use of this 
moiety as organocatalytic components for the title 
cycloaddition reaction. No correlation was found 
between the number of hydroxyls in the HBDs 
and catalytic activity. However, the catalytic 
behaviour of ascorbic acid and its derivatives 3-5, 
suggests that the presence of additional hydroxyl 
moieties might play a role in tuning the catalytic 
activity as long as their presence does not modify 
the HBD’s pKa. The observed trend is likely to 
arise from the balance of several factors that 
might affect the elementary steps of the reaction. 
High Brønsted acidity is likely to have a positive 
impact on H-bonding ability[34] and, therefore, on 
the initial step of ring opening of the epoxide 
substrate.[28f,30] However, it might slow down the 
release of the product in the cyclization step. 
Moreover, by analogy with previously studied 
MBH reactions, strong Brønsted acidity might 
lead to the protonation of crucial reaction 
intermediates.[36] Finally, ascorbic acid and 
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carboxylic acids might form dimers and trimers in 
solution thus limiting their capability to access the 
catalytic cycle. DFT calculations show that 
phenol displays mild reaction barriers for the 
cycloaddition reaction that are compatible with 
the good catalytic performance at r.t. 
Interestingly, the lowest upper reaction barrier 
was determined for experimentally-less active 
ascorbic acid. However, we calculated that 
ascorbic acid tends to form dimers in solution.  
We believe that the trend in Figure 1 could be 
used for the estimation of the catalytic activity of 
HBDs in the solvent-less cycloaddition of CO2 to 
epoxides under ambient or mild conditions and 
for their structural design and tuning. This 
predictive concept is confirmed by the fact that, 
by modifying the ascorbic acid scaffold to 
achieve compounds with pKa closer to the optimal 
value, a more efficient HBD is obtained with a 
performance comparable to that of phenol. In the 
perspective of higher sustainability, the 
development of highly active organocatalysts 
derived from renewable scaffolds remains more 
attractive than the use of oil-based and toxic 
phenolic compounds.[5,44] 

Experimental Section 

The procedure for a typical reaction setup is 
reported below; detailed experimental procedures 
are reported in the SI. The epoxide (25 mmol) was 
charged in a 50 mL round bottom Schlenk flask 
equipped with a magnetic stirrer. The HBD (0.5 
mmol, 2 mol%) and the nucleophilic cocatalyst (1 
mmol, 4 mol%) were added. A rubber balloon 
containing about 2 L CO2 was connected to the 
Schlenk flask and part of the CO2 was used to 
flush the flask to replace air. The reaction vessel 
was well sealed to prevent losses of CO2 and 
stirred at r.t. for 23 h. After this period, an aliquot 
of the reaction mixture was added to a NMR tube 
to determine substrate conversion by 1HNMR 
spectroscopy in CDCl3.  
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