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The nucleophilic ring opening of epoxides by carboxylic acids is an indispensable transformation for
materials science and coating technologies. Due to this industrial significance, improvements in oper-
ational energy consumption and catalyst sustainability are highly desirable for this transformation. Herein,
an efficient, environmentally benign and non-toxic halide free cooperative catalyst system based on an
iron(i) benzoate complex and guanidinium carbonate is reported. The novel catalyst system shows
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improved activity over onium halide catalysts under neat conditions and in several solvents, including
anisole and "BuOAc. Detailed mechanistic studies using FeCls/DMAP as a catalyst revealed the importance
of a carboxylate bridged cationic trinuclear pz-oxo iron cluster and guanidinium carbonate or DMAP as a
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Introduction

The formation of f-hydroxyesters derived from the nucleophi-
lic ring opening of epoxides by carboxylic acids is a reaction of
high value. Apart from its relevance for accessing drug
precursors™” and its occurrence in biologically relevant pro-
cesses,” the transformation is industrially important for the
synthesis of monomers for photocurable resins and adhesives®
as well as for crosslinking reactions.>® Due to this industrial
significance for large scale applications, the reaction demands
exhaustive optimization towards sustainability. In this regard,
research has mainly focussed on replacement of reactants with
biofeedstock derived materials.”'> However, the design of a
broadly applicable and sustainable catalyst system with high
activity and compatibility with environmentally benign solvent
is necessary to fully exhaust the optimization potential for this
invaluable transformation. The origin and environmental fate
of the catalyst material from cradle to grave can have a signifi-
cant impact on a large scale and its activity directly influences
the energy consumption of the process.'*"*
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carboxylate reservoir due to its superior activity.

Industrial applications largely employ catalysts such as tri-
ethylamine,’®?*  n-tetrabutylammoniumbromide*=*  or
triphenylphosphine,®** which can have adverse effects on
health,*”  aquatic life*® or tropospheric  ozone
concentrations*®* and often rely on halogenated petrochem-
ical feedstock for their synthesis.’®>* More benign alternatives
such as triethylbenzylammoniumchloride®*>® are likewise
accessed through halogenated precursors® and alkali
hydroxides,*®*° alkali carbonates,®*®" metallic Lewis acids®***
or heterogeneous catalysts®* often have limitations of catalytic
activity or chemoselectivity with respect to polyether bond
formation.

The need for a sustainable and highly active catalyst system
for industrially relevant epoxy-carboxylic acid reactions, which
can operate under neat conditions and in environmentally
benign solvents, is therefore high.

Cooperative approaches utilizing a Lewis acid (LA) such as
FeCl; or CrBr; in conjunction with an amine® or specifically with
pyridine®® have been reported to achieve enhanced catalytic
activity and improved chemoselectivity for this reaction
(Scheme 1a and b). The effect is rationalized by simultaneous
activation of the epoxide electrophile and carboxylic acid nucleo-
phile through Lewis acidic and basic interactions with the metal
salt and the amine, respectively. However, these catalyst systems
have not been further explored, as the design of an LA/(L)B coop-
erative catalyst system is challenging, due to potentially inhibiting
interactions between both catalyst components. Furthermore,
concerns regarding the environmental fate and the toxicological
profile of catalyst components like pyridine®® and triethyl-
amine”® remain for these systems as well.

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Reported LA/LB cooperative catalyst systems for the nucleo-
philic ring opening of epoxides by carboxylic acids; (a) iron or chromium
salts in conjunction with amines,®® (b) FeCls/pyridine®® and (c) this work:
the ([FezO(benzoate)s(H,0)3]NOsz)/guanidinium carbonate catalyst
system.

In this work, we have developed an effective, sustainable
and easily accessible cooperative catalyst system, composed of
[Fe;O(Benzoate)s(H,0)3]NO; and guanidinium carbonate
(Scheme 1c). Its constituents are naturally abundant, con-
sidered environmentally friendly and are already accessible via
industrially established routes without the involvement of
halogenated compounds. Additionally, this catalyst system out-
competes state-of-the-art catalysts in industrially common sol-
vents, in green solvent alternatives and under neat conditions,
which further contributes to a more sustainable reaction
profile through
temperature.

reduction of the reaction time and

Results and discussion

In our quest to find a sustainable catalyst system for epoxy-
carboxylic acid ring opening reactions we decided to focus on
LA/LB cooperative systems as the most promising candidates
to catalyse the target transformation. We started by screening
metal-based Lewis acids in a model reaction of benzoic acid
(1a) with 1,2-epoxyhexane (2) in toluene at reflux (Table 1).
Under these conditions, Zr(acac), (Table 1, entry 2) and FeCl;
(Table 1, entry 3) showed the highest catalytic activity. The per-
formance of iron(m) acetylacetonate and iron(m) nitrate salts
was inferior compared to that of the chloride salt (Table 1,
entries 4 and 5). Other metal salts, such as AlCl;, also showed
lower catalytic activity and were limited by solubility (Table 1,
entry 7 and ESI 37), while triflate salts promoted epoxide
homopolymerization instead (Table 1, entries 8 and 9).
Following LA catalyst experiments, the screening of nitro-
gen-based Lewis bases was performed as well under the same
reaction conditions (Table 1, entries 10-13). This led to the
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Table 1 Optimisation results for the model reaction of 1a and 2

OH
XL
Ph)J\O Bu
4a

[Catalyst]
Bu Toluene,

0 o o
e THRAEAN Ph)l\o/\( Bu
1a reflux OH

2 3a

Entry Catalyst [2 mol%] Conv., 3a + 4a“ [%]
1 None 3

2 Zr(acac), 66
3 FeCl, 64
4 FeCl; (1 mol%) 32
5 Fe(NO;);-9 H,0 52
6 Fe(acac); 37
7 AlCl, 7

8 Fe(OTf); n.d.
9 Sc(OTf); n.d.
10 DMAP 63
11 DMAN® 13
12 Pyridine 42
13 2,6-Lutidine 11
14 FeCly/DMAP [1/1] 82
15 FeCl,/pyridine [1/1] 78
16 FeCl,/2-picolinic acid [1/1] 40
17 FeCl; + L-proline [1/1] 22
18 FeCl,/2,2"-bipyridyne [1/1] 42
19 FeCl,/4,4"-bipyridyne [1/1] 58
20 FeCl;/DIPEA [1/1] 71
21 FeCl;/DMAN [1/1] 70
22 FeCl,/Barton’s base [1/1] 83

Reaction conditions: 1a (1.5 mmol), 2 (1.5 mmol), reflux, 3 h.
“ Determined by "H-NMR spectroscopy of 1a and 3a + 4a, regioisomer
ratios (3a/4a) range from 66 : 33 to 74 : 26.  DMAN = 1,8-bis(dimethyl-
amino)naphthalene.

identification of 4-dimethylaminopyridine (DMAP) as the most
potent structure (Table 1, entry 10).

We combined equal amounts of the best performing stand-
alone LA and LB catalysts (FeCl; and DMAP) and confirmed
that the duo catalytic system surpasses the catalytic activity of
the 2-fold amount of either of its components as stand-alone
catalysts (Table 1, entry 14). Toluene was identified as the most
optimal solvent for this transformation. Running the reaction
in more polar solvents resulted in either lower catalytic activity
or decreased chemoselectivity (ESI, 41). The effect of the LA/LB
ratio on the catalytic performance of the DMAP/FeCl; combi-
nation was studied and it was found that there is a marginal
increase in conversion for higher LA/LB ratios (ESI, 57).

Next, we decided to re-evaluate the nature of the LB com-
bined with FeCl; (Table 1, entries 15-22). The results revealed
that the DMAP/FeCl; catalyst system performs slightly better
than the previously reported pyridine/FeCl; catalyst, while
bidentate ligands such as picolinic acid, i-proline and 2,2’-
bipyridine performed worse than 4,4"-bipyridine, and sterically
hindered bases such as N,N-diisopropylethylamine (DIPEA),
DMAN, and Barton’s base performed well in conjunction with
FeCl; (for the full set of screening data, see ESI 37).

To understand the precise role of DMAP, we performed the
reaction using higher loadings of it as a standalone catalyst
(Table 2). For 25% and 50 mol% of DMAP loading (Table 2,
entries 1 and 2), the conversion towards the f-hydroxyester pro-
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Table 2 Reaction of (2) and DMAP in the presence of 1a

SRast

[DMAP] Z# OH g g

1a o+ 2 ——— 3ada + N o R
Toluene, R = Butyl (5),

reflux R’ = Ph (5a), H (5b)

Entry DMAP [mol%)] (3a + 4a)" [%] Yield, 5b” [%)]
1 [25] 74 n.d.

2 [50] 51 (53) 52

3 [75] 49 n.d.

Reaction conditions: 1a (1.5 mmol) 2 (1.5 mmol), reflux, 20 h.
“Determined by GC-FID; the value in parentheses corresponds to the

isolated yield. bIsolated yield based on DMAP. Product 5 was also

observed in entries 1 and 3 but the yield was not determined.

ducts (3a + 4a) reached 74% and 51% respectively. With 50 mol%
of DMAP, 53% of f-hydroxyester products (3a + 4a) were isolated.
Additionally, an ionic ring opening product (ROP), which formed
via the reaction of DMAP with 1,2-epoxyhexane (2), was isolated
as a formate salt (ROP-FA, 5b) after reverse phase column chrom-
atography. Employing 75% of DMAP led to a conversion of 49%
of (3a + 4a) (Table 2, entry 3).

No formation of ROP (5) was observed in the absence of
benzoic acid. Next, we screened ROP-FA (5b) as a stand-alone
catalyst in combination with FeCl; and achieved comparable
catalytic activity to DMAP (ESI, 81). Similar structures, result-
ing from the nucleophilic addition of an amine to an epoxide,
have been previously proposed to be mechanistically relevant
for the amine catalysed epoxide ring opening with carboxylic
acids.” Employing ROP-FA (5b) as a substrate with benzoic acid
(1a) did not lead to product formation in the presence of
DMAP, DMAP/FeCl; or sodium benzoate (ESI, 87).

Upon leaving a reaction mixture containing FeCl;/DMAP at
room temperature, dark red, rod-shaped crystals were formed.
We were unable to obtain a high-resolution structure by X-ray
crystallography, but core structural features (ESI, 14%) have
been identified by NMR-spectroscopy and HRMS. The
obtained material consists of a cationic us-oxo trinuclear iron
cluster, bridged by six benzoates, similar to the structures
reported in the literature.”*”> 'H- and "*C-NMR spectroscopy
and HRMS confirmed the presence of ROP species in the
crystal structure. The crystals exhibited catalytic activity similar
to the FeCl;/DMAP system (Table 3, entry 1). To understand
the role of the cationic y;-oxo trinuclear benzoate type cluster,
we independently prepared clusters 7’ and 8 and tested them
in our reaction. Cluster 7 showed almost identical catalytic
activity to FeCl; (Table 3, entry 2 versus Table 1 entry 4).
Combination of 7 with DMAP and cluster 8 alone exhibited
comparable catalytic performance to the FeCl;/DMAP system
(Table 3, entries 2-4).

Next, we confirmed the presence of an equilibrium between
the benzoate ligands coordinated to the cluster and free
benzoic acid in solution, by observing a scrambled f-hydroxye-
ster product when using 2,3,4,5,6-deuterobenzoic acid as a
substrate in the presence of the [Fe;O(Benzoate)s(H,0);]NO3
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Table 3 Synthesis of iron(i) cluster complexes and evaluation of their
catalytic activity

_| +
Q €(NO3)3 - 9 H,0 O
3 3 2
)L [FesO(Benzoate)s(H,0)3INO; \ﬂ/ \(R NOg"
Na  H,0, rt, on /0\ -0
7, yield 97% Fe Fe~
2.75eq HO & <|3 OH
) oY o
NaNO; R
7 + DMAP ———— [Fe;0(Benzoate)sDMAP;]NO; R R=Phenyl

5eq. EtOH, r, on

8, yield 7%
Entry Catalyst [0.33 mol%]| Conv., 2% [%] 3a/4a’
1 Fe;0(benzoate)s(ROP);C1° 73 2.7
2 7 33 2.4
3 7/DMAP? 87 2.6
4 8 83 2.6
Reaction conditions: 1a (1.5 mmol), 2 (1.5 mmol), reflux, 3 h.

“Determined by GC-FID, with mesitylene as the external standard.
? Determined by H-NMR signals of both regioisomers of the product.
¢ Assumed structure. ? The ratio 7/DMAP = 0.33 mol%/1 mol%.

(7)/DMAP catalyst system (ESI, 131). Following this, the elec-
tronic and steric effects of the benzoic acid substrate have
been investigated (Scheme 2).

The products derived from p-CN (3d/4d; 69:31) as well as
p-methoxy (3e/4e; 70:30) substituted benzoic acids were iso-
lated in comparable yields to 3a/4a (70 : 30), indicating that the
electronic properties of the carboxylic acid have a minor effect
on the reaction outcome. However, significantly lower yields
were obtained for the products with bulkier aromatic substitu-
ents, such as p-‘butyl (3g/4g; 72:28) or p-phenyl (3h/4h;
63 :37) (Scheme 2). Furthermore, comparable yields and regio-
isomer ratios have been obtained for an extended substrate

[Catalyst]

Toluene
reflux

(0]

o
R 1
(o}

CAeY

3a, yield, 83%
(70:30)

el

3c, yield, 84%
(69:31)

3b, yield, 76%
(73:27)

o}

[e] (o]
B
jeaaicannliiean 4
NC OH  Meo OH HeC

3d, yield, 83% 3e, yield, 81% 3f, yield, 80%
(69:31) (70:30) (70:30)

(o] o
/@*O/\/ Bu /©)‘\0/\/ Bu
Bu OH Ph OH

3g, yield, 56% 3h, yield, 67%
(72:28) (63:37)

Scheme 2 Substrate scope of para-substituted benzoic acids with 1,2-
epoxyhexane. Reaction conditions: 1 (1.5 mmol), 2 (1.5 mmol), reflux,
overnight; 1 mol% FeCls + 1 mol% DMAP. Combined isolated yields of
both regioisomers (3 + 4) is given; only the major isomer is depicted for
clarity, ratio of 3 : 4 depicted in parentheses.

This journal is © The Royal Society of Chemistry 2024
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scope including aliphatic carboxylic acids and an aromatic
epoxide for FeCl;/DMAP and TBAB as catalysts (ESI, 147).

Next, we compared the conversions of different para-substi-
tuted benzoic acids (p-H, p-CF3, p-CH;) after 3 h of reaction
time. From the assessed benzoic acids, the most nucleophilic
p-toluic acid (1f) reacted fastest, followed by benzoic acid (1a)
and p-CF; benzoic acid (1b). Although the trend is marginal, it
suggests an equal or slightly higher reactivity for more nucleo-
philic carboxylic acids (ESI, 97).

However, in a direct competition experiment, employing
p-CF3, p-CH; and p-H benzoic acid in equal amounts as sub-
strates (totalling one equivalent of acid substrate w.r.t. 2), a
different result was observed (Table 4). The p-CF; benzoic acid
(1b) reacted preferably in this scenario: after 20 minutes, 39%
of 1b was consumed, while more than 90% of benzoic-(1a) and
p-toluic acid (1f) were still present in the reaction medium
(Table 4, entry 1). After 3 h, 1b was completely consumed,
while 27% and 42% of 1a and 1f were still present, respectively
(Table 4, entry 2). After 21 h, all three carboxylic acid sub-
strates were completely consumed (Table 4, entry 3), although
a decrease in "H-NMR yield was observed, likely due to transes-
terification or other side processes.

In order to gain a conclusive mechanistic insight, we
studied the reaction kinetics. We determined the reaction
orders in catalysts and substrates for the FeCl;/DMAP system
and DMAP as a standalone catalyst (for the results with FeCl,
as a standalone catalyst see ESI 18-217) using the visual kine-
tics analysis method described by Burés et al.”* Catalyst degra-
dation and product inhibition effects were ruled out by per-
forming "same excess” experiments at two different starting
concentrations for each of the catalyst systems (ESI, 187). For
the FeCl;/DMAP system, the reaction is zero order in benzoic
acid (Table 5), while for the DMAP catalysed reaction, a half
order in benzoic acid (1a) was found. For both the DMAP cata-
lysed reaction and the cooperative FeCl;/DMAP system, a first
order in epoxide and the catalyst was determined.

The results indicate a correlation between the reactivity and
acidity of the nucleophiles. In a direct competition experiment,
the observed selectivity across the three acids is contrary to the
observed conversion tendencies of the p-substituted acids as

Table 4 In situ competitive experiment with para-substituted benzoic
acids
0 o [FeCly/DMAP]
2 + 1a + OH 4+ OH (1 mol%/1 mol%)
4>T | 3alda + 3b/ab + 3f/4f

E oluene,

< 1b HC 1f reflux, 21h
Time 1a® (3a+4a)’ 1b® (3b+4b)® 1g*  (3g+4g)’
0.33h 7 7 39 30 5 6
3h 73 75 100 100 58 59
21h 100 99 100 93 100 92

“ Conversions and formation of 1 in [%] determined by "H-NMR of the
crude. ” Conversions and formation of (3 + 4) in [%] determined by
'H-NMR of the crude. 2/1a/1b/1f = 1/0.33/0.33/0.33 eq. in toluene,
reflux.

This journal is © The Royal Society of Chemistry 2024
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Table 5 Reaction orders in components by visual time normalization
analysis.*®

Reaction order in

Entry Catalyst la 2a Catalyst
1 FeCl;/DMAP (1:1) 0 1 1
2 DMAP 0.5 1 1

Reaction conditions: toluene, reflux, oN.

standalone substrates (ESI, 9t1). The slower reacting p-CF;
benzoic acid (1b) appears to be consumed faster than its more
electron rich analogues (1a, 1f), which suggests that the ionic
ROP and potentially unreacted DMAP are acting predomi-
nantly as a base. In alignment with the change in the order of
the acid from 0.5 in the DMAP catalysed reaction to 0 when
using the FeCl;/DMAP catalyst system, we propose that the
main purpose of the Lewis basic species is to create a reservoir
of carboxylates via deprotonation of the carboxylic acid.

The carboxylate nucleophile is consumed from within this
reservoir, whereas the selectivity in a direct competition experi-
ment between different carboxylic acid substrates is deter-
mined by the relative concentrations of the respective carboxy-
lates present in the reaction medium. As the amount of base is
limited, the acid with the highest pK, is the dominant carboxy-
late in the reservoir, leading to the observed preference in acid
consumption during the ring opening of 2.

Based on the acquired data, a mechanistic proposal for this
cooperative catalytic transformation is presented in Scheme 3.

Formation of I can proceed via coordination of carboxylic acid
in the presence of ROP/DMAP as a suitable ligand to occupy the
remaining coordination vacancies. Ligand exchange in favour of
the epoxide gives rise to species II, where both substrates coordi-
nate to the catalyst. The released ROP/DMAP deprotonates a car-
boxylic acid molecule outside of the coordination sphere of the
catalyst, followed by exchange of the counter ion, leading to
species III. In the following step, either an intramolecular nucleo-
philic attack of a carboxylate ligand on the coordinated epoxide,
accompanied by a concerted regeneration of the catalytically
active cluster structure from the carboxylate which is present as a
counter ion (Scheme 3, a) or a direct outer sphere type attack of
the carboxylate counterion (Scheme 3, b) occurs. This leads to
the formation of neutral species IV, with the product coordinated
to the cluster via its generated alcoholate moiety. Upon protona-
tion, the pf-hydroxyester product is released and species I is
regenerated.

Steps III and IV are expected to be rate determining, as no
product inhibition is observed and the previous steps are
characterized by zero order behaviour of the carboxylic acid
and its acidity dependent selectivity.

Considering drawbacks of the FeCl;/DMAP catalyst system,
such as the corrosiveness of the iron source and the toxicity,
the detrimental biodegradability and the negative impact of
DMAP on aquatic life,”* we decided to explore sustainable
alternatives based on the above mechanistic proposal. Based

Green Chem., 2024, 26, 3346-3355 | 3349
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Scheme 3 Proposed catalytic cycle for the FeCls/DMAP catalyzed nucleophilic ring opening reaction of epoxides with carboxylic acids.

on our results, FeCl; can be readily replaced by the [Fe;O
(Benzoate)s(H,0)3]NO3 cluster (7), which avoids potential HCI
formation. As DMAP is proposed to increase the reactivity of
the nucleophile via formation of a carboxylate based ionic
species, a suitable surrogate would have to combine the ability
to irreversibly deprotonate the carboxylic acid with high stabi-
lity of the formed cation, in order to promote the reaction of
the carboxylate. We hypothesised that the naturally ubiquitous
guanidine” would be a proficient substitute to achieve high
catalytic activity in conjunction with the iron(m) benzoate
cluster (7), due to its high basicity and the stability of the
corresponding cation.”® As guanidine reacts with atmospheric
water and CO,,””””® guanidinium carbonate (GC) was used. We
were delighted to see that GC exhibited equally high activity in
conjunction with [Fe;O(Benzoate)s(H,0)3]NO3 (7) as the initial
FeCl3;/DMAP system under model conditions (Table 6, entries
1 and 2). Interestingly, unlike DMAP, GC has no significant
effect on the reaction progress when employed as a standalone
catalyst (Table 6, entry 3). The regioisomeric ratios observed
for both cooperative catalyst systems are in alignment with the
findings reported for the FeCl;/DMAP system (Scheme 2).

To render the system more environmentally friendly, we
explored anisole and n-butylacetate ("BuOAc)’® as alternative
solvents (Table 7). The catalytic activity of our 7/GC catalyst
system in anisole at 115 °C was comparable to that of its per-
formance in toluene at reflux and it slightly improved in
"BuOAc (Table 7, entry 1). In contrast, the activity of the FeCls/
DMAP system, other common ammonium salts and PPh; was
in both solvents (Table 7, entries 2-5).
Tetraphenylphosphoniumbromide (PPh,Br), on the other
hand, showed similar activity to 7/GC, both in anisole and

worse

3350 | Green Chem., 2024, 26, 3346-3355

Table 6 Catalytic performance of guanidinium carbonate (GC) as a
substitute for DMAP in the model reaction of 1a and 2

Conv. [%],
Conv. [%], 1 h 3h
Entry Catalyst [mol%] 1a® 2? 1a® 2?
1 7/GC* [0.33/1]  57(69:31) 53 86 84
2 FeCly/GC  [1/1] 57(69:31) 58 83 82
3 GC° [2] n.d. n.d 9 9

Reaction conditions: 1a (1.5 mmol), 2 (1.5 mmol), reflux in toluene.
“ Determined by "H-NMR spectroscopy. ” Determined by GC-FID. ° GC
= guanidinium carbonate. Regioisomeric ratios for entries 1 and 2 are
69 : 31 after 20 h.

Table 7 Performance of relevant catalyst systems in the model reaction
of 1a and 2 using anisole and butyl acetate as solvents

Conv. [%], Conv. [%],

1hin 1h,in

Anisole "BuOAc
Entry Catalyst [mol%)] 1a° 2P 1a° 2P
1 7/GC¢ 0.33/1 51 52 66 63
2 FeCl;/DMAP 11 30 30 41 43
3 TBAB 2 19 17 26 27
4 Et;NBn 2 19 20 24 27
5 PPh; 2 20 19 16 11
6 PPh,Br 2 47 52 55 53

Reaction conditions: 1a (1.5 mmol), 2 (1.5 mmol), 115 °C in anisole or
"BuOAc, [a], [b], and [c] are the same as in Table 6; regioisomeric ratios
after 20 h are within the range of 68-32 to 73-27 (for details see the
ESIY).

This journal is © The Royal Society of Chemistry 2024
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"BuOAc (Table 7, entry 6); however, it shares sustainability dis-
advantages with the other onium salts, due to its synthesis
pathway.®® The regioisomeric ratios observed after reaction
completion were comparable across all tested catalyst systems.
In addition, the activity results obtained in (1-methoxy-2-
propyl) acetate as a solvent were comparable to the catalyst
performances observed in anisole (ESI, 237).

Next, we looked into the recyclability of the 7/GC catalyst
system (Fig. 1). Re-addition of substrates 1a and 2 to a reaction
performed in anisole in the presence of the 7/GC catalyst
system after 16 h showed catalytic activity similar to a standard
run (79% vs. 82% conversion of 2, 3 h). The recycled catalyst
material was isolated in 72% yield through precipitation
(assuming guanidinium benzoate formed) from reaction mix-
tures after 16 h. The recycled material showed a slight drop in
the activity (74% vs. 82% conversion of 2, 3 h). In terms of
recyclability, 7/GC is advantageous over the FeCl;/DMAP and
FeCl;/pyridine system, both of which contain a liquid catalytic
component (DMAP forms the liquid ionic species 5 under reac-
tion conditions). This non-volatile character has also oper-
ational benefits for large scale industrial applications.

To demonstrate the industrial applicability further, the
catalyst system was tested in the synthesis of 2-hydroxy-3-phe-
noxypropyl methacrylate (11), a common structural motif in
dental composites®’ and photosensitive resins.®> When the
reaction was performed neat at 65 °C, the [Fe;O
(Benzoate)s(H,0)3]NO3(7)/GC system was superior to currently
employed catalysts such as TBAB®*® or triethylamine (Et;N).*!
Importantly, it performed significantly better than the other
common alternative onium halide catalysts tested, including
PPh,Br (Table 8, entries 1-6). After 3 hours, the acid was
almost completely consumed by the 7/GC catalyst, whereas
TBAB led to 47% of product formation and PPh,Br reached
60% conversion to the product in the same time period.

For all tested catalysts, the depicted isomer is the major
product and only traces of side product formation have been
observed.

We opted to conclude this study with an estimation of the
sustainability benefit of the [Fe;O(Benzoate)s(H,0);]NO;/gua-

100 - Il Epoxide Conversion (Anisole)

B Acid Conversion (Anisole)

Conversion [%]
3
:

First run @9 Readdition of Recycled catalyst @Pd€l

substrates

Fig. 1 Reaction conditions: 1a (4.5 mmol), 2 (4.5 mmol), 0.33/1 mol% 7/
GG, reflux in toluene, and v = 9 mL, 2determined by *H-NMR spectroscopy,
Pdetermined by GC-FID, “re-addition to reaction after 16 h “equal isolated
mol ratio (0.33/1) of [FezsO(Benzoate)s(H,0)3INO3 and guanidinium benzo-
ate assumed, and € 1a (1.5 mmol), 2 (1.5 mmol), and v = 3 mL.

This journal is © The Royal Society of Chemistry 2024
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Table 8 Performance of different catalysts
2-hydroxy-3-phenoxypropyl methacrylate (11)

in the synthesis of

Q [Catalyst] Q Ph
OH + o‘ph 65 °C Yko/\(\o’
9 10 neat, 3h 1" OH
114 [%]

Entry Catalyst Amount [mol%] 1h 3h
1 7/GC? [0.33/1] 59 88
2 TBAB [2] 24 47
3 Et;N [2] 3 8
4 Et;NBn [2] 22 48
5 PPh, [2] 26 51
6 PPh,Br [2] 36 60

Reaction conditions: 9 (1.5 mmol), 10 (1.5 mmol), 65 °C. “ Determined
by "H-NMR spectroscopy. ” GC = guanidinium carbonate. For all tested
catalysts, only traces of side products have been observed.

nidinium carbonate system. The main advantage of the intro-
duced catalyst system comes from its higher activity under
neat conditions and in green solvent alternatives, compared to
the largely utilized onium halide and amine -catalysts.
Additionally, current information suggests that 7/GC is more
environmentally benign than other common catalysts, includ-
ing DMAP and pyridine, considering the toxicological profiles,
synthesis pathways and environmental fates. The iron catalyst
component is readily synthesized by ligation of Fe(NOs);-9
H,O0 as a halogen free iron precursor, with sodium benzoate in
water. The synthesis was successfully conducted on a gram
scale. Benzoic acid, industrially produced via oxidation of
toluene,®"® which has in itself still limited accessibility
through renewable resources,®*®® is abundantly present in
biomass (e.g. plants, fruits, styrax tree).®® It is, like sodium
benzoate, used as a food additive.’® The iron complex can be
isolated almost quantitatively via precipitation and washing
with water. The expected side products are sodium nitrate,
used as a fertilizer,”" and nitric acid, a reactant for the syn-
thesis of the iron precursor.”” The carbonate salt of guanidine,
an abundant motif in nature®*°* that can be accessed photo-
synthetically,”® is generated as a side product in the pyrolysis
of the metabolic waste product urea in the presence of water
and CO, in the synthesis of melamine.’®™® It is already used
as an ingredient in hair relaxer formulations.®® Based on the
current assessment of regulatory needs conducted by the
European Chemicals Agency (ECHA), guanidine carbonate is
unlikely to pose risks of toxicity or bioaccumulation and does
not require further regulatory risk management'%’ in contrast
to various issues associated with the use of TBAB***>*® and
other common catalysts (see ESI 277).

Conclusions

In this work, we have identified [Fe;O(Benzoate)s(H,0);]
NOj;(7)/guanidinium carbonate as a highly active, non-volatile,

Green Chem., 2024, 26, 3346-3355 | 3351
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sustainable and non-toxic, halide free cooperative catalyst
system for the ring opening reaction of terminal epoxides with
carboxylic acids. This system has been demonstrated to be
superior to currently employed catalysts in the synthesis of
2-hydroxy-3-phenoxypropyl methacrylate at 65 °C under solvent
free conditions. In addition, [Fe;O(benzoate)s(H,0);]NO;/gua-
nidinium carbonate proved to be highly active in toluene and
1-methoxy-2-propylacetate and no significant loss of activity
was observed when switched to anisole or nBuOAc as a
greener solvent alternative. Furthermore, its recyclability has
been demonstrated in anisole. The development resulted from
detailed mechanistic studies of the FeCl;/DMAP catalyst
system, which led to identification of a cationic carboxylate
bridged pus-oxo trinuclear iron cluster and a basic ionic species
formed via nucleophilic ring opening of the epoxide by DMAP
as catalytically active structures. The presented data support a
mechanistic pathway operating via a cooperative interaction of
the DMAP/ionic species and the iron(m) benzoate cluster,
allowing the substitution of FeCl; with [Fe;O
(Benzoate)s(H,0);]NO; and replacement of DMAP by guanidi-
nium carbonate.
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