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M etal complexes of salen ligands are an important class of
compounds, and they have been widely studied in the past. Among
their successful catalytic applications, the synthesis of cyclic carbonates
by the coupling reaction of epoxides with CO, has received increased
attention; this is mostly due to the importance of using a greenhouse
gas as a feedstock for the synthesis of useful molecules. Herein the most
relevant past and present research surrounding this topic is presented.

1. Introduction

Concerns about global warming, together with the incom-
ing necessity to find alternative feedstock to fossil fuels, have
boosted interest in the use of CO, as a chemical starting
material in recent years.'! In particular, despite the fact that
carbon dioxide is a potential environmental pollutant, its use
on an industrial scale for the synthesis of polycarbonates and
cyclic carbonates (Scheme 1) represents a much greener
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Scheme 1. Cycloaddition of CO, to epoxides.

alternative to the use of phosgene.”! Cyclic carbonates are an
important class of compounds that can be used as electrolytes
in lithium ion batteries, as precursors for pharmaceutical
intermediates, raw materials for plastics, and as environ-
mentally friendly nonprotic solvents and degreaser.”! Cyclic
carbonates have been prepared for over 50 years utilizing CO,
as a chemical feedstock, although their preparations often
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suffered from low catalyst stability and reactivity, air sensi-
tivity, the use of a co-solvent, drastic pressure and temper-
ature conditions, or catalysts based on structures that are not
easily accessible. Nevertheless, the last decade has witnessed
the development of salen-type ligands (Scheme 2) as scaffolds
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Scheme 2. General structure of a symmetrical salen ligand. Substitu-
tion on the phenyl rings and linking fragment allows control over the
ligand properties.

for the synthesis of more efficient catalysts. Their ease of
synthesis was a significant breakthrough towards the develop-
ment of a catalyst system that can be fine-tuned and
potentially employed on an industrial scale, particularly in
those cases where chiral cyclic carbonates are pursued or high
chemoselectivity for the cyclic carbonate over polycarbonate
is needed.

These salen ligands comprise a N,O, coordination pocket
into which a wide variety of metal ions can be easily
accommodated and that function as the catalytic center.
Various substituents can be easily introduced in the aromatic
rings to allow, for example, control over the approach of a
substrate by bulky groups or variation of the Lewis acidity of
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the metal center through electron-withdrawing/donating
groups. The insertion of appropriate substituents on the
phenyl ring can also be employed to anchor the salen scaffold
to a solid support, thus allowing for the preparation of
heterogeneous catalysts. Chirality can also be easily intro-
duced in the salen scaffold, either on the phenyl groups or on
the backbone bridging fragment. This feature makes this type
of catalysts appealing for the synthesis of enantiomerically
pure cyclic carbonates using rac-epoxides and carbon diox-
ide.’! Herein, we discuss the use of metal-salen complexes as
homogeneous and heterogeneous catalysts for the coupling
reaction of CO, and epoxides. Particular emphasis is given to
the specific combinations of ligand frameworks, metal ions,
and co-catalyst structures that have pushed this research area
forward. It is noteworthy that while some of these catalysts
are often able to afford both polycarbonates and cyclic
carbonates, reaction conditions (for example CO, pressure or
co-catalyst load) can be tuned to favor the formation of only
one desired product. The nature of the substrate employed
and the catalytic metal center also play an important role in
determining which process will be preferred. This is the case
with stronger Lewis acid catalysts, where the formation of
cyclic carbonates is usually significantly more relevant.’! A
selection of the most important catalysis results are presented
to offer the opportunity to compare various catalytic systems
with each other, and also to identify opportunities for further
process optimization. Relevant mechanistic work that is
considered vital for the development of the next generation
of metal-salen catalysts for this highly important class of
cyclic carbonate structures is also summarized.

2. Chromium(lll)-Salen Complexes

The catalytic formation of cyclic carbonates with chromi-
um complexes was initially accomplished by Kruper and
Dellar in 1995, who reported a Cr'™-tetra-p-tolylporphyri-
nate as a recyclable and very active catalyst for the conversion
of oxiranes into cyclic carbonates.” In 2001, Paddock and
Nguyen changed the coordination environment around the
chromium center by using a salen ligand (Scheme 3).®! The
reason behind this choice was the ease of synthesis in
comparison to porphyrins and the fact that the condensation
of diamine and salicylaldehyde synthons allows the steric and
electronic properties of the catalyst to be tuned easily. As for
the porphyrin analogue, a Lewis basic co-catalyst, such as 4-
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Scheme 3. Cr''-salen complexes for the synthesis of cyclic carbonates

from oxiranes.®!

dimethylamino-pyridine (DMAP), was employed to carry out
the electrophilic addition of CO, to epoxides; in the absence
of this co-catalyst, no catalytic reaction was observed.

The variation of the diamine backbone resulted in a
prominent change of the catalytic activity. Among the differ-
ent salen ligands, 1d has a more accessible coordination site
available, which resulted in it being twice as active as the
racemic trans analogue lc (Table 1, entries 1-4). Further-
more, the TOF® was greatly increased (Table 1, entries 7-10)
upon increase of the ratio of DMAP (up to two equivalents)
to a solution of complex 1d. This catalytic system can operate
efficiently at relatively low CO, pressures (8 bar) and temper-
atures (75°C).

Following these studies, different groups tried to find
more advantageous conditions to carry out this transforma-
tion. In 2004, Garcia and co-workers decided to study the

Table 1: The coupling reaction of CO, and propylene oxide (PO) by
complexes 1a-d under various reaction conditions.?!

Entry Catalyst DMAP equiv p(CO,) T t TONP TOF®
[bar] [°ql [h] h]
1 Ta 1 7.9 75 2 323 162
2 1b 1 7.9 75 2 338 169
3 1c 1 7.9 75 2 253 127
4 1d 1 7.9 75 2 507 254
56 1d 1 7.9 75 2 38 193
6 - 1 11.1 75 2 0 0
7 1d 0 1.1 75 2 0 0
8 1d 0.5 150 75 2 302 151
9 1d 1 1.1 75 2 340 170
10 1d 2 11.1 75 2 458 229
1 1d 4 11.1 75 2 30 15
12 1d 1 7.9 25 14 39 3
13 1d 1 7.9 50 7 179 26
14  1d 1 7.9 100 1 916 916

[a] Reaction conditions: PO (4 mL, 3.32g, 5.72x1072mol), CH,Cl,
(0.5 mL), catalyst (0.075 mol %). [b] Mol propylene carbonate produced
per mol of catalyst. [c] Reaction carried out in neat PO (4 mL).
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addition of CO, to styrene oxide to form cyclic carbonates
under supercritical conditions (100 bar and 80°C) by dissolv-
ing a chromium salen catalyst in an ionic liquid (1-butyl-3-
methylimidazolium  hexafluorophosphate; ~bmimPF;).['"!
These conditions offered the advantage that most of the
salen complexes remained dissolved in the ionic liquid during
extraction of the reaction product with diethyl ether. How-
ever, this route provided only modest conversions (>50%)
and product selectivities (> 79 % ). Therefore, to accomplish a
more efficient transformation, they attempted a different
approach by anchoring the Cr'-salen complex onto a high-
surface-area solid support. In these systems, modified amor-
phous silica and delaminated zeolite ITQ-2 were used.
Scheme 4 shows the two different anchoring strategies. In
one case, the chromium salen complex was connected to the
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Scheme 4. Cr'"-salen complexes anchored to a solid support.!

aminopropylsilyl-modified solid surface (SiO, and ITQ-2)
through the coordinative, apical bond between a 3-amino-
propylsilyl group attached to the solid surface and the
chromium ion of the complex (2 in Scheme 4). A study of
the reaction of styrene oxide with CO, to form cyclic
carbonates under supercritical conditions showed that, al-
though conversion with this system is very high, the catalyst
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lifetime is dramatically reduced after a first run owing to a
high degree of complex detachment. The most effective way
of anchoring the chromium complex was through a covalent
linkage between the amino fragment of the modified support
and one phenolic ring of the salen ligand (3a—c in Scheme 4).
In this case, the solid particles with the catalyst attached could
be simply recovered after the reaction by filtration and reused
in consecutive runs after washing in organic solvents without
significant loss of the catalytic activity.

Significant contributions to understanding the chemistry
of cyclic carbonates came from studies on the co-polymeri-
zation of CO, with epoxides, where cyclic carbonates are
often formed as a by-product. Darensbourg and co-workers
dedicated intense studies to the copolymerization of propyl-
ene oxide (PO) and carbon dioxide to form poly(propylene
carbonate) (PPC) by employing a rich library of [Cr(salen)X]
(X=Cl, N;) complexes bearing various electron-donating/
withdrawing groups on the diimine backbone (Scheme 5).1

4a:R=C,H, R, R?={Bu, X = Cl
4b:R=CgH, R',R*=Bu, X =N,
4c:R=CH, R'=H, R*=Bu, X =Cl

f
7N3$:N7 5a: R = ¢-CgH,p, R, RZ={Bu, X = N;
R oo Rr 5b:R=c-CHyo R' =H,R*=1Bu, X =N,
X 6a:R=C,H, R, R?=1Bu, X=N,

2 R? 6b:R=GC,H, R'=H, R?=fBu, X = N,
7: R=C,H,orCH, R\, R2=Cl, X =N,
8: R=C,H,orCH, R'=H R?=Ph, X =N,

Scheme 5. Skeletal representation of the Cr''-salen catalysts used in

the co-polymerization of propylene oxide and CO,.

Their study identified three different available pathways for
CO,/epoxide polymerization process, one of which involves
the production of a monomeric cyclic carbonate by-prod-
uct."1?l They observed that the presence of electron-donat-
ing groups on the backbone can be used to favor the
production of cyclic carbonate with respect to polycarbonate,
as is the case for complexes 5 and 6.

Nevertheless, the complex containing the electron-with-
drawing phenylene diimine backbone (complex 4b) afforded
predominantly copolymer under the same reaction condi-
tions. Their study also highlighted that the electronic effect of
the salen ligand on the catalytic activity for polycarbonate
production is different for various substrates. In fact, when
cyclohexene oxide was used, copolymerization was the
favored process when complexes 6 and 7 were employed.

More recently, in 2008, Sun, Lu and co-workers proposed
a series of catalysts based on pyrrolidine-Cr™-salen com-
plexes (Scheme 6) comprising an electrophilic center (the
Lewis acid metal ion) and a nucleophilic center (a sterically
hindered strong organic base).® The choice of anchoring a
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) is based on the fact
that CO, can be activated by bicyclic amidines through the
formation of zwitteronic compound, which can add to the
epoxide by nucleophilic attack.!'*!* The study of the coupling
reaction of CO, and propylene oxide using complex 9a
showed that the transformation could be effectively accom-
plished even at a high [epoxide]/[catalyst] ratio (Table 2,
entry 1). This result was in contrast to the activities found for
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Scheme 6. Structures of pyrrolidine-based Cr'"-salen complexes."

Table 2: The catalyzed
conditions.

reaction of CO, and PO under various

Entry Catalyst  PO/cat. [mol/mol] T[°C] P [bar] t[h] TOF® [h™"]

1 9a 5000 25 5 24 48
2 10 5000 25 5 24 <1
3 MTBD 5000 25 5 24 <1
4 9a 20000 25 5 24 46
5 9a 50000 25 5 24 49
6 10/MTBD 5000 25 5 24 <1
78 10/MTBD 1000 25 5 24 6
8k 10/MTBD 500 25 5 24 10
9 9b 50000 25 5 24 42
10 9b 5000 80 20 11819
1M 9c 5000 25 5 24 42
12 9c 5000 80 20 12120
13 o9d 5000 25 5 24 <1
14 od 5000 80 20 1 27
15 9e 5000 25 5 24 <1

[a] The reaction was performed in neat propylene oxide. [b] Compound
2a/MTBD=1:1 (mol/mol).

complex 10 or MTBD separately, which both showed a sharp
decrease in activity under the same reaction conditions
(Table 2, entries 2, 3). Whilst alteration of the [epoxide]/[cat-
alyst] ratio did not result in any significant change in the
activity of complex 9a (Table 2, entries 4, 5), when the binary
catalyst system 10-MTDA was employed, the reaction rate
appeared to be dependent on the catalyst concentration
(Table 2, entries 6-8). This result was interpreted as a
demonstration that intramolecular two-centered cooperative
catalysis of bifunctional units in complex 9a, where the
central metal ion serves as an elecrophilic center and the
anchored TBD as a nucleophilic center, is the sole factor for
maintaining activity of the catalyst at a high [epoxide]/[cata-
lyst] ratio.
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The importance of a synergistic electrophile/nucleophile
interaction was further indicated by the result obtained with
complex 9d (Table 2, entries 13, 14) where the p-xylylene
spacer does not allow for the intramolecular cooperative
catalysis observed for the other chromium complexes (9 a—c).
Upon changing the sterically hindered TBD anchored on the
pyrrolidine ring of the Cr'™-salen complex for a substituted
imidazole fragment (9e), a significant loss of activity at
ambient temperatures was observed. Furthermore, a change
in the axial X group of the pyrrolidine-Cr"'-salenX complex
from CI to BF, did not cause any significant decrease in
activity (Table 2, entries 9-12). A possible deactivation mode
of the catalyst may involve intramolecular imidazole coordi-
nation to the chromium(III) center.

3. Cobalt(l1l)-Salen Structures

In 1997, Jacobsen and co-workers demonstrated that apart
from chromium(IIT)-salen complexes, the cobalt derivatives
also function as catalysts for the ring-opening of epoxides.!
Prompted by that result, and with the aim of improving the
highly efficient Cr''-salen/DMAP catalyst system,!'” Nguyen
and co-workers decided to explore the possibility of using
cobalt salen complexes as catalysts for the addition of carbon
dioxide to epoxides. The coupling of CO, with various
epoxides catalyzed by Co™-salen complex 11a (Scheme 7)

“catalyst" "co-catalyst"
\ 11a X=Cl 12a DMAP
=N N= 11b: X = OAc 12b DMAP
a 11¢: X = 0,CCl, 13aY=F
tBu o] o] fBu 11d: X = 0,CCF; nBuNy{ 13RY = Cl
X 11e: X=0Ts ) 13cy=6r
tBu tBu 11f. X =BF, 13dY =1
11g: X =PF;4 14aY=F
'?h + Frh 11h: X = p-nitrobenzoate PPNY{ 14bY =Cl
PPN = Ph-P=N=P-Ph
Ph  Ph

Scheme 7. Binary catalyst systems, consisting of a Co'"-salen complex

and a co-catalyst, used to promote the addition of CO, to epoxides.

requires the presence of a Lewis base (LB) as co-catalyst, in
the absence of which high activity cannot be reached and only
trace amounts of the cyclic carbonate are produced. The
activity of the catalytic system was shown to increase with the
basicity of the LB and the best catalyst in terms of TOF
proved to be 11a. In this case, two equivalents of co-catalyst
(DMAP) were used. Of these two equivalents, one serves as a
nucleophile to ring-open the Lewis acid activated epoxide;
the second equivalent of DMAP enables the rate-limiting
CO, insertion step. The reaction of CO, and propylene oxide
catalyzed by 11a/DMAP yields propylene oxide with a turn-
over frequency (TOF) that is comparable to the most active
reported (Table 3, entry 1)."¥! With this catalytic system
(100°C, 22 bar of CQO,) it was possible to convert a variety
of terminal epoxides, such as propylene epoxide, epichlor-
ohydrin, epoxyhexane, (2,3-epoxypropyl)benzene, styrene
epoxide, or isobutylene epoxide, into the corresponding cyclic
carbonates in near-quantitative yields."” Kinetic resolution of
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Table 3: Enantioselective reaction of CO, and propylene oxide.

Entry Cat. Co- T[°C] t[h] TOF PCyield/ee s
cat. ™ [%]
1 112" 12a 100 033 1200 L 1.8
2 11a" 12a 50 8 65 L 2.8
3 113" 12a RT 48 9 4 3.0
4 11af 12b RT 45 115 L 4.8
5 11a" 12b 350 10 L 5.6
6 11b" 13¢ 25 25 210 /42,9 3.9
7 11 13¢ 25 20 245 —4/50.5 48
8 11" 13¢ 25 20 241 /51 4.8
9 11d® 13¢ 25 22 232 /461 43
10 112" 13c 25 40 120 /39,8 33
1 1e” 13c 25 25 203 /516 5.2
12 11b® 13d 25 3.0 160 4373 3.0
13 11b® 13b 25 5.5 91 /54,3 5.7
14 11e" 13b 45 15 316 1/35.2 2.8
15 11e 13b 15 6.0 73 /63,5 7.2
16 11e" 13b 0 15.0 27 —470.2 9.0
17 11f9 13b -10 18 L 4/62 —
18 11g9 13b -10 18 L 8/59 —td
19 11h9 13b -20 18 L 22/67 e
20 1€ 13b -20 18 L 15/73 L
21 1€ 13a -20 18 L 7/77 4
22 1€ 13¢ -20 18 L 18/49 L
23 11e9 13d -20 18 L 23/14 L
24 11e9 14b -20 18 @ 20/73 L
25 11b4 14b -20 18 L 29/70 L
26 11d9 14b -20 18 L 35/70 L
27 1d9 14a -20 18 — 39/75 —
28 11d9 14a —40 120 L 40/83 18.7¢

[a] Reaction conditions:'”! Cat. (0.066 mol %), co-catalyst (0.132 mol %),
PO (3.5 mL, 1500 equiv), CO, (22 bar), CH,Cl, (0.5 mL). [b] Reaction
conditions:®" Neat PO (35 mL, 500 mmol), cat. (0.5 mmol, 0.001 equiv),
CO, (275-300 mmol, 0.55-0.60 equiv, 2—20 bar). [c] Reaction condi-
tions:? Neat rac-PO (4.38 mL, 62.5 mmol), cat. (0.1 mol%), co-cat.
(0.2 mol %), CO, (1 bar). [d] Not reported.

racemic propylene oxide was also explored; the best result
was obtained using DMAP#* (a planar chiral DMAP that has
been employed as catalyst in a number of enantioselective
reactions)!"! as co-catalyst at 3 °C with a selectivity factor 5!
of 5.6 and a TOF of 10 h™' (Table 3, entry 5).

Almost simultaneously, and also encouraged by the
success of Co™-salen complexes as catalysts for the hydrolytic
kinetic resolution of epoxides, Lu and co-workers reported a
simple and highly efficient chiral Co™-salen/quaternary
ammonium halide catalyst system (11a-11e, Scheme 7) for
the kinetic resolution of propylene oxide. This allowed the
direct synthesis of optically active cyclic carbonates from rac-
epoxides (Scheme 8) under extremely mild and solvent-free
conditions.”"

These studies revealed that the quaternary ammonium
salt is essential to promote the reaction and has a large effect
on the enantiomeric excess and reaction rate (Table 3,
entries 6, 12, and 13). Both counterion and temperature also
play an important role in the catalytic performance (Table 3,
entries 6-11, 14, and 16). At room temperature, the reaction
of 0.5 mol of racemic propylene oxide, 0.55-0.60 equiv of CO,
in the presence of 0.1 mol% of complex 11¢ in conjunction
with 0.1 mol % of nBu,NBr as co-catalyst, proceeded within
2 h to afford a mixture of unreacted epoxide and propylene

www.angewandte.org
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Scheme 8. Kinetic resolution of rac-propylene oxide by asymmetric
cycloaddition of CO, catalyzed by Co"—salen complexes.

carbonate with moderate enantioselectivity (Table 3, entry 7).
The formation rate of propylene carbonate at 25°C, as
expressed in the TOF, reached 245h™".

Berkessel and co-workers found that the enantioselectiv-
ity of this type of catalytic systems (at atmospheric pressure)
can be increased by carrying out the reaction at lower
temperatures. At —50°C and an atmospheric pressure of CO,,
the ee of propylene carbonate was 87 %, with s =15.0, when
using the combination 11e/nBu,NCl as catalyst.’? Further
studies allowed the discovery of catalytic combinations, giving
even better enantioselectivities, albeit with very low con-
version rates. The choice of the counterion X turned out to be
crucial for the activity of the catalytic system (Table 3,
entries 17-19), but not for the enantioselectivity (Table 3,
entries 20-23). The screening of several different salts (based
on Bu,N" and PPN"; Scheme 7) revealed that the cation of
the organic salt also affects the CO, addition (Table 3,
entries 24-28). The best result was obtained when 11d was
combined with PPNF at —40°C, and in this case PC was
obtained in 40 % yield with 83 % ee (Table 3, entry 28), which
corresponds to a selectivity factor s of 18.7. This work also
reported the first preparation of propylene carbonate from
propylene oxide and tetrabutylammonium carbonate
(TBAMC) with a significantly reduced yield (18 % ) but again
with good enantioselectivity (71 % ee).

Interestingly, Darensbourg and co-workers showed that
an analogous system, where Co™ is replaced by a Co™ center
(that is, Co"-salen/nBu,NX, where X = Cl, N, Br, 1), is very
effective in coupling CO, and oxetane to provide poly-
carbonates with a minimal amount of ether linkages.”! The
reaction proceeds via an intermediate, six-membered cyclic
carbonate (trimethylene carbonate, TMC) that can undergo
in situ ring-opening polymerization to provide the corre-
sponding polycarbonate, poly(TMC), without any loss of its
original CO, content.

Following the strategy of using a combination of a salen
complex and an additive as catalytic system for the chemical
fixation of carbon dioxide, Jing and co-workers reported the
combination of several Co™-salen complexes with a quater-
nary onium tribromide compound, namely PTAT (phenyl-
trimethylammonium tribromide ; Scheme 9).?! The screening
of different counterions, frameworks, and substituents (11a-
11c, 11e, 15a-15g; Scheme 9) illustrated that the combina-
tion 11¢/PTAT is the best catalyst for the addition of carbon
dioxide to propylene oxide under extremely mild conditions.

Angew. Chem. Int. Ed. 2010, 49, 98229837
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11a-c, 11e
15a: R' = R? = tBu, R* + R* = (CH,),, X = Br

—
=N N= 15b: R' = R? = Bu, R? + R* = (CH,),, X = (NC,);C¢H,0
i @ , 15c:R'=R?=H,R*=R‘=H, X = OAc
Rdo X GbR 15d: R =R? = tBu, R = R*= H, X = OAc
15e: R' = R? = {Bu, R® + R* + backbone = phenyl, X = OAc
15f: R'=H, R*=OMe, R®*= R*=H, X =0Ac
- A+ 15g: R' = NO,, R?=H, R®*=R*=H, X = OAc
Br, ,p@ (PTAT)
Scheme 9. Co"—salen complexes tested as catalysts in combination
with PTAT.
Propylene carbonate was produced in 71 % yield with a TOF
value of 706 h™! at 25°C and 7 bar of CO, pressure. The same
group also studied the asymmetric version of this type of
reaction using a series of chiral catalysts, namely (R,R)-11b,
(R,R)-11e, and (R,R)-15b for the coupling reaction of PO and
CO,. Although these catalysts gave low enantioselectivity
values (Table 4), they were shown to catalyze the addition of
CO, to other epoxides, providing good yields and TOF values,

with the exception of GMA (glycidyl methacrylate) carbon-
ate, which was obtained in only 29 % yield.

Table 4: The asymmetric coupling reaction of CO, and propylene oxide.”

Entry Catalyst t [h] Yield [96]"! ee [%]
14 (RR)-11b/TBAB 4 45.1 34.1
2 (R,R)-11b/PTAT 10 57.7 30.2
3 (R,R)-15b/PTAT 15 314 455
4 (R,R)-11e/PTAT 10 43.1 48.7
[a] Reaction conditions: Co'"'-salen (0.1 mmol), PTAT (76 mg,

0.2 mmol), epoxide (100 mmol), CO, (7 bar);
isolated product. [c] T=25°C.

T=—5°C. [b] Yield of

With the aim of preparing chiral cyclic carbonates through
the kinetic resolution of racemic epoxides, Jing and co-
workers also proposed a series of bifunctional catalysts that
combine in one molecule a Lewis acidic metal-salen complex
and a quaternary onium salt that supplies a Lewis basic site.”!
The enantioselectivity obtained in the cycloadditon reaction
of carbon dioxide to propylene oxide catalyzed by these
complexes (16k and 161 in Scheme 10) is of the same
magnitude of those previously reported (Table 5, entries 6
and 7).21% Nevertheless, the enantioselectivity was found to
increase with the introduction of quaternary phosphonium
groups in the salen-type ligands (16a-16e; Table 5). The
screening of different systems resulted in several conclusions:
the anion Z of the quaternary onium salt influences both the
activity and the enantioselectivity of the reaction (Table 5,
entries 1-4 and 8-11). Chloride gives the best ee values and
iodide the best activities. Variation of the position of the
phosphonium group from the 5- to the 3-position in the
phenyl side groups also affects the efficiency of the reaction,
thereby enhancing the activity but lowering the ee (Table 5,
entry 5). With respect to the influence of the catalyst
counterion, in general acetate gave better enantioselective
behavior. However, 16i, with a p-nitrobenzoate group as the
counterion, showed a better activity. The best catalyst among
the series of complexes screened turned out to be 16 b, which
afforded propylene carbonate with 78 % ee under extremely
mild reaction conditions (0°C and 6 bar). Unfortunately,

Angew. Chem. Int. Ed. 2010, 49, 98229837

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
intermationalaion . CEITIE

<
e D

Bu Br
16a: X = OAc,Z=F Br PhP 6 PPh3
16b: X = OAc, Z=Cl
16¢c. X = OAc, Z=Br
16d: X = OAc, Z=Br
16e: X = OAc, Z = | N ¢
16f. X = CI,CCO,, Z=Br = ﬁ = N
16g: X=Cl, Z=Br o o o C\]"
16h: X = OTs, Z = Br BuN OAG
16i: X = p-NO,-C¢H,CO,, Z=Br )

CH, 161 CH,

Scheme 10. Bifunctional catalysts.”’!

Table 5: Synthesis of chiral carbonates with catalysts 16a-161."!

Entry Catalyst t Conv. PC 51201
[h] (%] ee [%) yield [%]

1 16a 40 14.9 38.3(S) 14.7 2.4
2 16b 36 29.5 53.1(S) 29.4 4.0
3 16c 20 448 42.0(S) 44,70 3.4
4 16e 12 53.5 26.3(S) 53.5 2.3
5 16j 6 435 35.0(S) 43.4 2.7
6 16k 20 267 50.2(S) 26.5 3.5
7 16l 36 31.7 29.1(S) 31.6 2.1
8 16a 48 8.8 58.2(S) 8.6 4.0
9l 16b 48 23.6 77.8(S) 23.5 10.1
10 16¢ 48 36.6 57.0(S) 36.5 5.0
116 16e 12 335 38.7(5) 333 2.7
120 16k 60 9.5 67.7(S) 9.3 5.6
131 161 72 8.9 55.5(S) 8.9 3.7

[a] Reaction conditions, unless otherwise stated: Catalyst (0.1 mol), PO
(100 mmol), CO, (6 bar), T=20°C. [b] The ee value (32.1%) of the
remaining PO was also determined. [c] T=0°C.

when using the same catalytic system for different epoxide
substrates, only low to moderate ee values were obtained; 9 %
ee for styrene oxide, 5 % ee for phenyl glycidyl ether, 30 % ee
for epichlorydrin, and 47% ee for 1,2-epoxybutane. It is
noteworthy that these catalysts can be recycled five times
without significant loss of the activity and enantioselectivity.

Kim and co-workers reported a different approach to
improve the enantioselectivity in the coupling reaction of
epoxides and carbon dioxide.” Chiral Co"-salen complexes
can efficiently catalyze these reactions in the presence of a
catalytic amount of alkali metal salts, quaternary ammonium
halides, or ionic liquids (17a—c¢ and 18a-c; Scheme 11).
Mononuclear catalyst 17 a was identified as the most effective
among the series used for the insertion of carbon dioxide into
propylene oxide, at a CO, pressure of 5 bar at room temper-
ature, giving 85 % ee when using a catalyst loading of 0.05 %
(Table 6, entry 4). The enantiomeric excess of the product was
increased by decreasing the loading of the catalyst or by
addition of an inorganic base (Table 6). The use of KOH,
K,CO;, or KHCO; proved to be effective in improving the ee
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tBu
|’| i “tBu
N O

=N N=
tBu O\ o] fBu
MCI.
u By N O MCl,
17a-17c '
17a/18a: M = Al
17b/18b: M = Ga
17c/18c: M =
18a-18¢c

Scheme 11. Chiral Co"-salen complexes.?

Table 6: CO, coupling reaction with racemic propylene oxide.”

Entry  Cat. Co-cat. Mol ratio® PC 520
eefyield [%]

1 11b - 1:0.005:0 27.3/4.9 1.8
2 17a - 1:0.005:0 70.3/19.6 6.8
3 17a - 1:0.001:0 81.0/11.3 10.5
4 17a - 1:0.0005:0 84.7/8.7 13.1
5 18a - 1:0.005:0 67.8/19.3 6.1
6 17b - 1:0.005:0 66.1/17.5 5.6
7 18b - 1:0.005:0 66.4/18.8 5.7
8 17c - 1:0.005:0 64.8/17.8 5.4
9 18c - 1:0.005:0 66.5/18.3 5.7
10 17a K,CO, 1:0.001:0.05 81.6/21.6 123
11 17a KHCO;, 1:0.001:0.05 80.9/16.8  11.1
12 17a KOH 1:0.001:0.05 83.7/23.6 145
131 17a  [EMIm]OH  1:0.001:0.0001 74.8/43.2 122
141 17a  [EMIm]JOH  1:0.0005:0.0005 78.8/39.8 8.0
151 17a  [BMIm]JOH  1:0.001:0.0001 83.2/45.1 15.7
16 17a  nBu,NOH  1:0.0005:0.0005 75.0/45.5 10.6

[a] Reaction conditions: PO, CO, (5 bar), T=25°C, reaction time: entry 2
4 h; entries 1, 5-9, 13-16 3 h; entries 3,4, 10-12 5 h. [b] Mol ratio PO/
cat/co-cat.  [c] [EMIm]OH = 1-ethyl-3-methylimidazolium  hydroxide.
[d] [BMIM]OH = 1-butyl-3-methylimidazolium hydroxide.

values of the resultant propylene carbonate (Table 6, en-
tries 10-12), but the yield was only moderately improved. The
yield could also be enhanced by addition of a catalytic amount
of quaternary ammonium halides or ionic liquids (Table 6,
entries 13-16); both the anion and cation of these co-catalysts
have an important effect on the catalytic performance. The
use of cations such as EMIm, BMIm, or nBu,N effectively
increases the reaction rates, whilst the use of a simple anion
such as OH also affords good enantioselectivity.

Jing and co-workers have used the chiral binad-Co
complexes (complexes 19-29; Scheme 12a) in the presence
of PTAT or tetrabutylammonium bromide (TBAB) for the
coupling of epoxides and carbon dioxide.””! These catalysts
bear the chiral information both on the bridging fragment and
on the binol framework, and this feature showed to affect the
enantioselectivity in the asymmetric cycloaddition reaction.
When both units have the same chiral configuration (S or R),
PC with an opposite chirality (R or S, respectively) was
obtained. However, when the configurations of the 1,1'-2-
binaphthol and 1,2-cyclohexanediamine groups were differ-
ent (as in 24b and 25b), the catalyst activity and enantiose-
lectivity decreased. Catalysts with more bulky substituted
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(RRRR) =N N=

=— 19a-29a
X =0Ac, 19b - 29b

19b R = OH 23b (RRR.R)R = Ph
19b-CsR=0Cs 24b (SRR,S)R=0H
18b-Mg R=01/2Mg 25b (R,S,S,R) R =Ph
20b R=0Bu 26b (5,55, R=0H
21b R=0CH, 27b (5,5.5,5) R = 0Bu
22b R=0CH,Ph

28b-(R,R,R,R,R.R)
29b-(S,5,5,5,5.9)

b) 7

!
L = N =
Pocgonot Lego

n =n

(RI/R)-polymer 30 (RIS)-polymer 31

M 0

A 8 JQ s
J @f;;@:; N s =a

(S/S)-polymer 32 (SIR)-polymer 33

RRp

Bu—< ?0@0% : >—tBu
tBu tBu
11

b: X=CH,CO,; c: X = CCl,CO,; d: X=CF,CO,; e: X=0Ts
Scheme 12. a) Binad—-Co"' complexes;®! b) polymer catalysts based on

a binol-Co"~salen complex and the monometallic Co"'-salen catalyst
n=

groups (20b-23b) gave higher ee and higher s values. Low
temperatures were found to favor catalytic abilities and
enantioselectivity for the synthesis of chiral PC. The catalyst/
co-catalyst combinations 20b/PTAT and 27b/TBAB were the
best catalytic systems under optimized conditions (0°C and
5 bar of CO,), thus providing PC with ee values of 87 and 84 %
and s values of 18 and 14, respectively.

To increase the ee values whilst keeping good catalytic
activity, Jing and co-workers also developed four new
polymeric  binol-based Co"-salen catalysts (30-33;
Scheme 12b).%% These systems have an auxiliary chiral site
and provide higher enantioselectivity values compared to the
traditional Co™-salen catalysts (11; Scheme 12b). The cata-
lytic performance of these systems was examined for the
asymmetric cycloaddition of CO, to PO at 25°C and 12 bar.
Catalysts comprising the binol and salen units with the same
chiral configuration (30 and 32) gave (S)-PC and (R)-PC with
moderate ee values of 49.2 and 48.2 %, respectively. When the
catalysts with opposite configurations were used (31 and 33),
propylene carbonate with the same chiral configuration as the
one in the salen ligand backbone was obtained and with a
higher ee value. Both the co-catalyst and the anion X of the
catalyst proved to be important for catalytic efficiency. The
best activity was observed in the presence of PTAT, although
the use of TBAF gave higher enantioselectivity. A bulky X
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group in the polymeric chiral catalysts (for example Cl;CCO,)
was also essential for obtaining a high enantioselectivity in
this reaction. The enantioselectivity obtained with complex
31c (40.2% conversion, 61.2% ee (S), s=6.2) and 33¢
(40.2% conversion, 60.2 ee (R), s=5.9) are higher than the
results obtained using the monometallic catalyst 11¢ (47.2 %
conversion, 55.8% ee (S), s=5.7). The catalysts 30¢ and 32¢
(52.0% conversion, 49.5% ee (R), s=4.9) gave lower ee
values than 11, showing that the chirality of the binol
fragment plays an important role in further increasing the
enantioselective induction of the Co™-salen complexes.
Finally, the polymeric binol-Co™-salen complexes could also
be recovered and repeatedly used without loss of either
activity or enantioselectivity.

4. Aluminum(lll)-Salen Structures

The first aluminum salen complexes were prepared as
early as 1989 by Le Borgne and co-workers, who showed their
effectiveness for the living polymerization of epoxides.”
However, it was not until 2002 that He et al. investigated
new applications in catalysis and synthesis with a green
approach, thus preferring the use of relatively nontoxic metals
such as aluminum and avoiding the use of chlorinated
solvents. They initially studied the formation of propylene
oxide in a supercritical (sc) carbon dioxide/ethylene oxide
mixture by utilizing a set of binary catalysts comprising an
aluminum salen complex (34a; Scheme 13) with a quaternary

34a:X=Cl,R"=R?2=R*=R*=H

R® R* 34b: X =Et, R'=R2=R3=R*=H
34c: X=Et R'=tBu, RZ=R*=R*=H
=N__ N= 34d: X =Et,R'=R2={Bu, R¥*=R*=H
34e: X=Br, R'=RZ=R¥=R*=H
1 1 '
o Ox 2 R" 34f X=0Me R'=RZ=R®=R*=H
R2 R 34g: X =Et, R'=R2=H, R? = R* = -(CH,)-

34h: X=Et, R'=R?=NO,; R®*=R*=H

Scheme 13. Al"'-salen complexes with varying substitution patterns.

ammonium or phosphonium salt. Their preliminary studies
revealed that upon using the Al"'-salen/nBu,NBr catalyst, the
formation of ethylene carbonate (EC) from sc CO,/ethylene
oxide is twice that under 40bar CO, pressure at same
temperature (Table 7, entries 1 and 2).*” This result was
attributed to rapid diffusion and high miscibility of ethylene
oxide in supercritical carbon dioxide under the conditions
employed. It was established that a typical reaction process
proceeds from an initial stage where the reactants and catalyst
are present as one supercritical phase, but as the reaction
proceeds a new separate phase arises in which ethylene
carbonate separates on the bottom of the autoclave. They also
showed that temperature has a large effect on the catalytic
activity of the binary catalyst (Table 7, entry 3).

In a subsequent study in 2004, Lu and co-workers
investigated how cycloaddition of CO, to epoxides is affected
by varying the substitution on the aromatic rings of the salen
ligands and by using as co-catalyst various [18]crown-6-KY
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Table 7: The formation rate of EC from a scCO,/ethylene oxide mixture
under various conditions.?

Entry CO,,/EO [mol/mol] Catalyst® T[°C] TOFP!
h™]

1 2 34a 110 2220
- 34a 110 1140

3 2 34a 120 3070

[a] Reaction conditions: Catalyst/EO=1/5000 (mol/mol), t=1 h; pres-
sure 15-16MmPa; density of reactants in the autoclave: 0.6 gcm ™. [b] Co-
catalyst is nBu,NBr.

ethers bearing different nucleophilic leaving groups Y.P! As
the Al™-salen and [18]crown-6-KY complexes are soluble in
neat epoxides, the reactions were carried out without the
addition of any organic (co)solvent. They found that five-
membered propylene carbonate could be obtained using
complex 34b (Scheme 13) and [18]crown-6-KI with a TOF of
57.9 h™! under very mild conditions (25°C, 6 bar CO,; Table 8,
entry 1).

Table 8: Reaction of CO, with propylene oxide in the presence of an Al"'-
salen complex in conjunction with a polyether-KI co-catalyst.”!

Entry Al"—salen catalyst Co-catalyst polyether-KY TOFP!
h]
1 34b [18]crown-6-KI 57.9
2 34c [18]crown-6-KI 18.4
3 34d [18]crown-6-KI 10.1
4 34e [18]crown-6-KI 62.3
5 34f [18]crown-6-KI 59.6
6 34g [18]crown-6-KI 19.3
7 34b [18]crown-6-KBr 56.7
gl 34b [18]crown-6-KCl 3.0
9 34b [18]crown-6-KTOs 0.2
10 34b [18]crown-6-KOAc 2.0

[a] Reaction conditions: Al''-salen (2.4x10™* mol), Al"'-salen/polyether-
Kl/epoxide=1/1/800 (mol ratio), T=25°C, t=8h. [b] CH;CN was
added as co-solvent.

Substitution of the groups on the aromatic ring (34¢,d;
Table 8, entries 2 and 3), or the axial group (34e,f; Table 8,
entries4 and 5) or/and diamine backbone (34g, Table S8,
entry 6) proved to be important parameters for the design of
an efficient catalyst. Complexes 34a,b were the most effective
in catalyzing this reaction, and their activities are at least five
times higher than that observed for complex 34d (Table 8,
entry 3). This was ascribed to the high electrophilicity and to a
more accessible coordination site for the epoxides. The nature
of the anion Y in the complex [18]crown-6-KY also signifi-
cantly affected the activity of the bifunctional catalyst system
(Table 8, entries 7-10). Systems involving iodide and bromide
displayed the highest activity if compared with anions with
inferior leaving-group ability, such as chloride and acetate.
Curiously, although tosylate is traditionally a better leaving
group, when using [18]crown-6-KOTs, the cycloaddition
reaction could not be effectively catalyzed. A comparison
with some other substrates was also carried out, and these
results are reported in Table 9.
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Table 9: The cycloaddition of CO, to various epoxides catalyzed by the
34b/[18]crown-6-K| system.?

Substrate t [h] Product Yield [%]®!

X
o]
A 12 Q9 98
H,C J
HaC

o}

A 3 0‘/< 9

o}
0
a4 148 o \/Kt/{) 95

[a] Reaction conditions: 34b (16.1 mg, 5x107° mol), 34b/[18]crown-6-
KI/epoxide=1/1/400 (mol ratio), p(CO,) =6 bar, T=25°C; the reaction
was carried out in a 10 mL autoclave. [b] Yield of isolated product.

Among the different terminal epoxides investigated
(Table 9) and using 34b as a catalyst, propylene oxide was
found to be the most active epoxide, whilst epichlorohydrin
exhibited relatively low activity. Notably, the reaction of CO,
with (S)-propylene oxide in the presence of the 34b/
[18]crown-6-KI catalyst system gave (S)-propylene carbonate
in 98% ee with retention of stereochemistry. The activity of
complexes 34a—d and 34h as catalysts for the formation of
propylene carbonate from CO, and propylene oxide was
again studied in 2004 by combining the bifunctional catalyst
systems with quaternary ammonium halides nNBu,X as co-
catalyst. This binary system also showed a very efficient
conversion at both low temperatures and pressures.?

In light of their previous work with Cr'"'-salen complexes
anchored on silica to provide heterogeneous catalysts, in 2005
Garcia and co-workers proposed the use of polymeric AlI"'-
salen complexes in which the backbones consist of a partially
cross-linked polystyrene (Al"™-salen/PS; Scheme 14b) or
poly(ethylene glycol bis-methacrylate) (Al™-salen/PEA;
Scheme 142).53 The cross-linked poly(styrene-co-p-divinyl-
benzene) backbone has pendant amino methyl groups that
are useful to covalently attach a salen ligand.

a) ) N<:2N ]
o OB -0

b)

Scheme 14. Polymeric a) Al'"'-salen/PEA and b) Al''-salen/PS catalysts.
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These polystyrene-derived polymers have the disadvant-
age that the affinity for CO, may not be as high as desired,
thus the absorption of CO, occurs for the most part at the
interface between the solid, polymeric catalyst and the liquid
phase.’**! Therefore, the authors decided to compare the
affinity of the above-mentioned polystyrene-supported Al'"'-
salen complex with that of an analogous system that could
have a better affinity for CO,. They envisaged that a polymer
containing ethylenedioxy groups could be a suitable candi-
date to promote a higher local CO, concentration.**” For the
catalytic studies, the insertion of CO, into styrene oxide was
used to test the catalytic performance of both types of
polymer complexes. To exploit the general miscibility be-
tween supercritical carbon dioxide and hydrocarbons, the
reactions were carried out in supercritical CO, at 80°C and
100 bar.”**1 Upon analysis of the reaction mixture by means
of GC and IR spectroscopy, they established that in most
cases the only product observed was the five-membered cyclic
carbonate, although in some of the reactions the correspond-
ing glycol and polycarbonate were also observed
(Scheme 15)."' A comparison of the conversions observed
while using the two Al"™-salen/PS and Al"™-salen/PEA solids
showed the latter to give a higher conversion. This result was
ascribed to the high oxygen density of the PEA backbone in
comparison to the PS polymer support.

(0]
co, o J<o OH

—_— +
Ph)\/OH

Scheme 15. Reaction products observed for the catalytic CO, coupling
with styrene oxide.

1S
+ 0]
(0]
111 i
Al'"-salen/nucleophile Ph n

A fine addition to the library of aluminum(III)-salen
complexes that are able to perform the conversion of CO, and
epoxides into cyclic carbonates was provided by North and
co-workers. Based on the low environmental impact of
aluminum and on previous work on the synthesis of asym-
metric cyanohydrins® in which they demonstrated that
bimetallic salen complexes display a much higher catalytic
conversion than their monometallic analogues, they envi-
sioned that a bimetallic Al'"-salen complex (Scheme 16)
could potentially also display a significantly improved activity
in the reaction between carbon dioxide and epoxides.

Complexes 35a-h were prepared by reacting the salen
ligand with aluminum triethoxide, and their dimetallic
structure was confirmed by mass spectrometry.**! They
were thus used, in combination with nNBu,Br, to catalyze the
formation of styrene carbonate from styrene oxide and CO,.
The reaction, which gave no conversion in the absence of
either the catalyst or co-catalyst, took place under unprece-
dented mild conditions (25°C, 1 atm); the conversion for the
different catalysts are summarized in Table 10. The loading of
the two components deeply affects the conversion, and
increasing the catalyst and co-catalyst load from 0.1 to
2.5 mol % increased the conversion from 5 to 62 %. Attempts
to improve the catalytic performance were carried out by
changing the substitution pattern on the aromatic rings. Of
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R? R?
R2 RZ
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N0 o i
xZ o] X
" A &
' R’ R !
R2 R2
R? R?
35a: X = (1R, 2R)-cyclohexyl, R' = R®*=Bu, R>=H
35b: X = (1R, 2R)-cyclohexyl, R' = tBu, R = H, R®* = NO,
35¢: X = (CH,),, R"=R*=1Bu, R?=H

35d: X = 1,2-C¢H,, R' = R3-tBu RZ=H

35e; X = (1R, 2R)-cyclohexyl, R' = R* = H, R? = OMe

35f: X = (1R, 2R)-cyclohexyl, R' = R = R3 =H

35g: X = (1R, 2R)-cyclohexyl, R' = tBu, R? = R*=H

35h: X = (1R, 2R)-cyclohexyl, R' = tBu, R? = H, R®* = OMe

Scheme 16. Structures of dinuclear, O-bridged Al"-salen catalysts
35a-h.

Table 10: Synthesis of styrene carbonate catalyzed by complexes
35a-h.1!

Entry Catalyst [mol%] Co-catalyst [mol%)] Conversion® [%]
1 35a (0.1) NBu,Br (0.1) 5
2 35a (2.5) NBu,Br (2.5) 62
3 35b (2.5) NBu,Br (2.5) 50
4 35¢ (2.5) NBu,Br (2.5) 52
5 35d (2.5) NBu.Br (2.5) 33
6 35e (2.5) NBu,Br (2.5) 4
7 35f (2.5) NBu,Br (2.5) 28
8 35g (2.5) NBu.Br (2.5) 51
9 35h (2.5) NBu,Br (2.5) 64

[a] Reaction conditions: T=25°C, p(CO,) 1 bar, reaction time 3 h.
[b] Conversions are based on '"H NMR analysis of the reaction mixture.

the different catalysts that were prepared, none showed
significant higher catalytic activity than 35a. This result was
mostly explained by a lower solubility of the other catalysts in
neat epoxide rather than to steric or electronic factors. A
study was undertaken to test whether different substrates
would also show high conversion under the same conditions.
Although other terminal epoxides (for example, propylene
epoxide) were converted in good yields (up to 77%),
disubstituted epoxides were much less reactive, giving poor
(trans-stilbene oxide, 8% ) or no conversion (cyclohexene
oxide).

North and co-workers envisioned that the mild conditions
under which their system catalyzes the coupling reaction of
epoxides and CO, could make bimetallic aluminum catalysts
very interesting candidates for future industrial applications.
Thus, they decided to implement this idea and successfully
designed a system in which the catalyst (attached to an
organic support material) could be connected to the exhaust
stream of a gas flow reactor for the conversion of waste
carbon dioxide.™

Different silica-based solid supports“”! were selected to be
coupled to the bimetallic aluminum catalyst; the systems that
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were tested are shown in Scheme 17. As an initial step, the
catalysts were tested in a batch reactor at room temperature
and atmospheric pressure for 20 h using styrene oxide as a
substrate. All of the complexes showed good yields in the
range 58-78 %, with 36d being the most active. The reus-
ability of the catalyst was also investigated by running a set of
32 sequential reactions under the conditions mentioned
above, and a drop of catalytic activity was observed after
the first 11 reactions.

B0 -
Et,N. BT B Etz
+

E@—o—fa]

+ Br
Et2

NE{'
{CHy),

36a: R = {Bu, support = amorphous silica
36b: R = {Bu, support = MCM-41

36c: R = tBu, support = sol-gel

36d: R = H, support = amorphous silica

Scheme 17. Structure of the supported catalysts 36a—d.

This effect was entirely ascribed to the dequaternization
of the catalyst.” In fact, full activity was restored by treating
the catalyst with benzyl bromide, thus making this system
suitable for prolonged uses in a continuous-flow reactor. The
system comprises CO, and N, gas cylinders, which are coupled
with a mass-flow controller to supply the gases into the
chamber containing the epoxide (ethylene oxide). Experi-
ments were carried out varying the composition in CO, of the
injection gas, the temperature, and the reaction time, and the
results are summarized in Table 11. Among the different
catalysts, 36b was reported to have the highest activity when
the reaction was performed at 150°C. However, at this
temperature, a progressive loss of catalytic activity was
observed, which was ascribed to demetalation of the catalyst.
If the reaction was carried out at 100°C, the catalyst still
retained 50 % of its original activity even after seven days.
The catalyst could be reactivated by treatment with benzyl
bromide, indicating that the loss of activity in this case was
due to dequaternization and not to cleavage of the Al'—salen
units from the silica support.

5. Other Metal-Salen Structures

In 2003, Shi et al. explored the catalytic performance of
copper(Il), zinc(IT), and cobalt(IT) salen-type complexes
derived from binaphthyldiamino Schiff bases (Scheme 18) in
the chemical fixation of carbon dioxide."*!

This type of complex was found to efficiently catalyze the
formation of cyclic carbonates of terminal epoxides in
supercritical CO, at 100°C. The presence of an organic base,
such as DMAP (4-dimethylaminopyridine), Et;N, DBU (1,5-
diazabicyclo[5.4.0Jundec-5-ene), DABCO (1,4-diazabicyclo-
[2.2.2]octane), or pyridine (0.2 mol % ), is essential to promote
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Table 11: Synthesis of ethylene carbonate in a flow reactor.”!
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Table 12: Cycloaddtion of CO, to PO using various salen-based metal
complexes (37a-f) or salen ligands (38-44).

Entry Catalyst” Reactor T Reactiont CO,reacted  TOF
°q [h] [%] [h™ Entry Catalyst Basel’! T[°q] Yield [%] TONM
1 36a 20 120 6 0.15 1 37a DABCO 100 30 30
2 36a 50 19 82 2.2 2 37a Et;N 100 86 856
3 36a 60 7 97 2.6 3 37a DBU 100 80 803
4 36a 150 6 57 7.6 4 37a DMAP 100 70 702
5 36b 60 7 95 8.3 5 37a pyridine 100 86 833
6 36b 60 6 23 8.9 6 37b DMAP 100 40 397
7 36b 100 6 54 21 7 37c DMAP 100 80 800
8 36b 150 6 66 26 8 37d DMAP 100 5.3 52.7
9 36¢ 60 7 97 5.2 9 37e DMAP 100 3 26
10 36d 60 7 98 1.1 10 37e DBU 100 14 141
[a] In each case, the evaporation rate of ethylene oxide was 0.15 mLh™' 1 37f DMAP 100 13 132
- - 121 38 DMAP 120 89 887
and the flow rates of CO, and N, were 1.0 mLmin~' and 2.5 mLmin™', 138 39 DMAP 120 84 841
respectively, so that the initial composition of the gas stream was 21% "
ethylene oxide, 25% of CO,, and 54 % N,. [b] 2.17 g of catalyst were used. 4 40 DMAP 120 89 887
’ ’ 15t 41 DMAP 120 15 153
16! 42 DMAP 120 38 382
174 43 DMAP 120 84 838
18t 44 DMAP 120 14 138

—=N__ N= =N N=
deoi Oi%}Rz Rz—dOH HO%}W

R' R’ R? R’
37aM=2Zn R?=R'=H; 38R'=R*=H
37b: M=Cu, R?=R"=H; 39R'=H,R?={Bu
37¢:M=Co, R?=R'=H; 40R'=R2=Cl
37d: M=2Zn, R*=Bu,R' = H 41R'=R?={Bu

37e:M=Cu, R?®=Bu,R' =
37f M=Zn, RZ2=R'=ClI

®@®@§b

Scheme 18. Structures of binaphthyldiamino salen-type complexes and
ligands 37-41 and salen ligands 424413

the reaction, and the best bases screened were Et;N and
pyridine (Table 12, entries 1-5) at a catalyst loading of
0.1 mol%. In general, the unsubstituted binaphthyldiamino
salen-type Zn", Cu", and Co" complexes 37a—¢ produce PCin
higher yields than substituted 37d-f under similar conditions
(Table 12, entries 1-11). Pressure and temperature are key
parameters for attaining high catalyst efficiency. The best
catalyst system turned out to be the combination of zinc
complex 37a (0.1 mol%) and Et;N (0.2 mol%), and opti-
mized conditions comprise a reaction temperature of 100°C
under a high pressure of carbon dioxide. Complexes 37a and
37b (in the presence of Et;N) show efficient catalysis under
these optimized conditions (100°C, 35 bar of CO,), providing
other cyclic carbonates, such as propylene, butylene, epichlor-
ohydrin, or phenylethylene carbonates, in high yields (89—
100 %) with catalyst loadings of up to 1.0 mol %." Impor-
tantly, the catalysts used in this process can be recycled at
least 10 times while their activity remains unchanged. The
asymmetric version of these cycloaddition reactions was also
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[a] Reaction conditions: PO (2.6 g, 4.5x1072mol), CH,Cl, (5.0 mL),
catalyst (4.5x107° mol). [b] 2.0 equiv of catalyst used. [c]Yield of
isolated product. [d] Mol of propylene carbonate produced per mol of
catalyst. [e] CICH,CH,CI (DCE) as solvent, reaction time 48 h.

tested with chiral catalysts 37b and 37e, but the enantiose-
lectivities obtained were very low. Based on the combined
catalysis results and isotope-labeling experiments, Shi and co-
workers postulated a new mechanism that is different from
that proposed earlier by Nguyen and Paddock.”

Interestingly, Shi et al. also discovered a unique example
of free Schiff bases (38-44; Scheme 18) that are able to
catalyze CO, cycloaddition reactions by themselves, and also
in presence of organic bases, such as DMAP, DBU, DABCO,
or Et;N, thus providing cyclic carbonates in excellent yields
and under relatively mild conditions.”’ It was found that the
presence of both Schiff base (0.1 mol%) and organic base
(0.2 mol %) is required to allow the reaction to take place.
The use of the organic bases DMAP and DBU provided the
best results. The combination of compounds 38-40 or 43 with
DMAP gave the carbonate product in high yields (up to 89 %)
at 120°C and using 1,2-dichloroethane as solvent.

In contrast, more hindered compound 41 and Schiff-base
42 showed low reactivity. If the Schiff base does not contain
phenolic groups, as in the case of compound 44, the yield of
the product is lower under similar conditions. The best
reaction conditions were found for Schiff base 38 and DMAP
as the co-catalyst at 120°C under a high pressure of CO,
(36 bar) with 5 mL of solvent (DCE). Using these conditions,
the formation of cyclic carbonates of other epoxides was
examined, and again high yields were obtained. It is note-
worthy to mention that these catalysts are also recyclable.
They can be recovered by distilling off the formed cyclic
carbonate and then reused for a subsequent run without loss
of catalytic efficiency (Table 12).

Based on these results, which show that hydroxy groups
are essential for the reaction to take place, Shi and co-workers
tried to simplify the catalytic system by using a combination
of phenol (instead of the Schiff base) and an organic base.

Angew. Chem. Int. Ed. 2010, 49, 98229837
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This system also gave good results for the formation of
propylene carbonate (98 % yield) by employing a combina-
tion of p-methoxyphenol (0.4mol%) with DMAP
(0.4 mol % ).1*) However, it should be noted that the catalysts
summarized in Scheme 18 are generally outperformed by the
Cr-, Co-, and Al-salen-based catalysts discussed in Sections 2—
4 regarding reaction temperature and pressure.

Jutz, Baiker, and Grunwaldt tested the catalytic activities
of a series of homogeneous and heterogeneous Mn'"'-salen
complexes in the cycloaddition of CO, to propylene and
styrene oxides under “solventless” conditions.”” When using
homogeneous complexes (complexes 45a—45f; Scheme 19),

R' R!

A

45a R'=R?=H, X=Cl
45b R'=R?=H, X =Br
45¢ R'=R?=H, X =1

5:[

45d R'=CgHs, R2=H, X =Cl
45e R'=CgHs, R2=H, X =Br
45f R' = H, R? = CgHs, X = Br

silica suppo

silica support

Scheme 19. Homogeneous and heterogeneous Mn""

used in cyclic carbonate synthesis.

—salen catalysts

the selectivity towards the cyclic carbonate was very high
(>99%). The highest TOFs measured were 213h~' with
catalyst 45 ¢ in the reaction of styrene oxide, and 233 h™! with
catalyst 45 fin the reaction of propylene oxide. Both reactions
ran without the addition of any solvent or co-catalyst, making
their use advantageous with respect to other similar metal—
salen systems.'"-2%*5!1 Furthermore, manganese salen com-
plexes appear to be more active in these reactions
than other Mn™ catalysts based on peraza macro-
cyclic ligands,*® porphyrins,® or manganese-PPN
salts.® The study of a series of parameters that

Angewandte
intermationalaion . CEITIE

product yield was achieved when the epoxide/CO, ratio was
close to 1:4, resulting in a two-phase system with a dense,
CO,-expanded liquid-like phase and a more gas-like phase on
top. When the catalytic activity of the immobilized Mn™-
salen compounds was tested in the carbon dioxide addition to
styrene oxide, it turned out that compound 46 (Scheme 19),
attached to the silica support by coordination through an
amine ligand, showed poor catalytic activity despite a very
high manganese loading. In contrast, the covalently immobi-
lized catalyst 47 showed better overall performance and
reusability, reaching TOFs between 196 and 255 h™', which
are in the range of the homogenous catalyst 45b. This catalyst
is also reusable but requires regeneration by the addition of
the halide ligand that is lost during the catalytic reaction.
Nguyen and co-workers explored the catalytic perfor-
mance of tin(II)- and tin(IV)-salen compounds
(Scheme 20a) for the preparation of cyclic carbonates by
the insertion of carbon dioxide to epoxides as a function of the
ligand environment, metal oxidation state, and Lewis acid-
ity.* They found that a Lewis base is needed to promote the
cycloaddition, and based on their previous work on
chromium(IIT)-salen catalysts for this reaction,® they select-
ed DMAP as co-catalyst for these new systems.'” In the case
of Sn"—salen complexes, the activity of the system is affected
by the electronegativity of the axial halogen counterion X.
The more electronegative this ligand is, the higher the
catalytic activity of the complex, as only one axial ligand is
dissociated during the reaction and the remaining axial ligand
affects the Lewis acidity of the metal center, and thus the
extent to which the epoxides are activated. This hypothesis
was supported by the fact that among the catalysts with the
same ligand framework (49a—53a), 53a gives better activities,
having both a bromide as well as a labile triflate as axial
ligands. Complex 53a has a TOF value of 174 h™', whereas
52a, bearing two axial triflate ligands, has a value of 29 h™'.
Furthermore, complex 50a, with two axial bromide ligands,
has a TOF value of 119 h™!. Electron-withdrawing substitu-

—N X' N=—

o} O R!

. R {
affect the catalytic performance of these complexes X2 =N N=
was undertaken. These studies showed that the R2 R A R
optimum medium for this reaction is an expanded = 48aM=Sn" R"=R*= fBu, X' =X*= -
. L 48bM = Sn', R' = H, R*= OMe, X' = X2 = - R? R?
styrene oxide/CO, phase which, in presence of the 45 m-sn' R'=R?=Br X' = %2 = .. R -
. : : 48d M = sn", R' = R? = (Bu, X' = X? = —; (R,R)-ligand
formed carbonate, improves the salen complex — 49aM=SnY R'=R’=tBu X'=X*=Cl o\ ci'pi_peo ey 2o - ((S S,)"'sand
e . . = v 1= 2 = 1= 2 = g *
solubility and thus enhances its overall catalytic gg:m 7‘::,‘,' ; ';r RiBH'HX i XX2 Eerr 48f M =Sn', R' =R%=Br, X' = X2 = - (S, SMigand
bili Th Ivti CE f 111 1 1 B o 4 i 49b M = Sn', R' = R? = {Bu, X' = X? = Br; (R,R)-ligand
ability. The catalytic activity of Mn""—salen complex 50c M =8n" R'=H, R?=OMe, X' =X*=Br 4o 1w pi-R2=ypy x'=X2= Gl (5,5)igand
. . —gnV —R2= 2 — = ' ‘
45b reaches a maximum at 160°C, and higher  50dM=Sn",R'=R*=BrX'=X*=Br g4, \_ g Ri=R2= By X' = X2= |, (S,5)-ligand
- L M M=SnAR=RISBUXIEXIS]  sonM=snV, R =R? = Bu, X' = X2 = OTF, (S S)-ligand
reaction temperatures lead to a fast decrease in  szam=snV R' = R?=Bu, X' = X2 = OTf ' 9
activity and product yield. This behavior could be = 53 M=8n" R'=R?=Bu, X' = Br, X?= OTf

influenced by a change in phase distribution of the
reactants occurring at higher temperatures, where
increasing amounts of styrene oxide are dissolved in
the supercritical CO, phase and less remains in the
liquid CO,-expanded phase where the reaction
takes place. The amount of CO, employed in these
reactions is also a key parameter. In the reaction of
styrene oxide, a maximum in catalytic activity and

b)
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Scheme 20. a) Sn"
lysts for the formation of cyclic carbonates.
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84aR'=R?=H, X' = X? = PPh,

54b R' = R?=Bu, X' = CI', X2 = PPh;

54c R' + R? = (CH,),, X' = X? = PPh,

54d R'+R?=(CH,), X' = CI, X2 = PPh,
54e R'+R?=(CH,), X' = OAc, X? = PPh,
54fR' + R? = (CH,),, X' = NOy, X? = PPh,
84g R' + R?= (CH,),, X' = ClO,, X2 = PPh,

— and Sn"Y—salen catalysts;*” b) Ru-salen compounds as cata-
f56]
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ents in the salen ligand framework also increase the catalytic
activity, as this causes a higher Lewis acidity of the metal
center. Overall, the most efficient catalyst, with two bromide
substituents in the salen ligand framework and two axial
bromide ligands, was 50d with a TOF of 524 h™'. Less Lewis
acidic Sn"-salen compounds displayed lower activity than
their corresponding Sn' analogues but followed a similar
substituent-dependency trend, with 48f (TOF=190h™")
being the most active catalyst of the series. Therefore, the
activity of these tin complexes is quite respectable, and this
system required moderately low CO, pressures (8 bar), low
catalyst loadings (0.032 mol% relative to PO), and short
reaction times (about 4 h), although higher reaction temper-
atures (120°C) than for the previously reported chromium-
(IIT)-salen systems are required.®!

Ruthenium salen complexes in conjunction with PTAT
have been reported as efficient catalysts for the reaction of
carbon dioxide and epoxides.® In general, among a series of
combinations of Ru" and Ru™ complexes with PTAT, EDA
(ethyl diazoacetate), TBAB, or DMAP under different
conditions, Ru"—salen/PTAT was found to be more effective
than catalysts of type Ru'-salen/(EDA or PTAT;
Scheme 20b). Complexes with the ethylene bridging frag-
ment (54a and 54b) were better catalysts than those
containing the c-hexyl bridge (54c¢ and 54d). Catalysts
systems with TBAB or DMAP gave less effective catalysis,
yielding the carbonate in only 50 % and 5 %, respectively. The
combination Ru™-salen/PTAT complex 54b gave the best
results (8 bar of CO,, 70°C, no solvent), and furnished the
cyclic carbonate in 98 % yield in just 20 min (TOF =588 h?).
Various cyclic carbonates derived from terminal epoxides
were formed in good yields using 54b under similar con-
ditions. The lowest yields were obtained with 1,2-disubstitut-
ed epoxides, therefore this reaction is controlled by steric
effects. These catalysts have potential as recyclable systems,
as recycling experiments (5 cycles) showed that the yield of
the reaction dropped only slightly from 90 % to 73 %.

6. Reaction Mechanisms
When CO, and an epoxide are catalytically coupled, three
different mechanisms can be operative, leading to three

different types of product (Scheme 21). After initial coordi-
nation of the substrate to the catalyst, formation of a

o]
/\,CO,

O\\ .0 (0]
R’%joj - o)ko
>

Scheme 21. Possible reaction pathways following the coupling reaction
of CO, with an epoxide.
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polycarbonate linkage can occur (pathway A). The other
alternatives are CO, insertion followed by the occurrence of a
back-biting mechanism, which results in the formation of a
(monomeric) cyclic carbonate (pathway B), or a consecutive
epoxide enchainment to afford a polyether linkage (path-
way C).*"!) The three different pathways are influenced by
different factors, such as the nature of the substrate, the
catalyst and co-catalyst used, and also the reaction pressure
and temperature.”! Tt is known that at higher temperatures
the formation of monomeric cyclic carbonates is normally the
favored process. However, when the coupling of CO, and
epoxides takes place, the occurrence of one specific mecha-
nism is not always exclusive,'? and therefore to optimize and
modulate the production of a specific product (namely
monomeric cyclic carbonates), the understanding of the
mechanistic details surrounding these reactions is of crucial
importance. Various reports on the formation of cyclic
carbonates have contributed to show that Lewis base
activation of the CO, and Lewis acid activation of the
epoxide are two crucial steps.*!

Following the work of Jacobsen and co-workers, who in
1996 clarified that nucleophilic ring opening of epoxides
catalyzed by chromium(III) complexes depends on both the
electrophilic epoxide and the incoming nucleophile,® Nguy-
en proposed a cooperative bimetallic mechanism involving
two different metal species in which their chromium(IIT)-
salen species would fulfill the requirement of activating the
epoxide (Scheme 22).¥!

@
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Scheme 22. Proposed mechanism for the cycloaddition of CO, to
epoxides by a Cr'"'-salen complex.
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The co-catalyst, in this case DMAP, is essential to form the
more electron-rich metal complex Cr™-salen-DMAP. This
complex can then activate CO,, which can further react with
an activated epoxide complex at the least sterically hindered
carbon. An intermediate is thus formed that will eventually
lead to the formation of a five-membered cyclic carbonate.
Supporting evidence that the reaction proceeds through this
mechanism came from the observation that an increase,
beyond optimal concentration, in either DMAP or CO,
pressure resulted in a dramatic loss in activity. The same
mechanism was proposed by Srinivas and co-workers for their
Cu"salen complexes using DMAP as the nucleophile.*
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Lu and co-workers proposed a monometallic Lewis acid/
Lewis base co-catalyzed mechanism for the cycloaddition
catalyzed by a mononuclear Al"™-salen complex
(Scheme 23).*" Based on the reaction of trans-deuteroethene

7K
El@gq -
R

Scheme 23. The Lewis acid/base mechanism proposed by Lu and
co-workers.

oxide with CO,, they concluded that the epoxides are ring-
opened through the electrophilic interaction of the AI"'-salen
complex with a synergistic attack of the nucleophile (I) on the
less substituted carbon. This is followed by formation of an
alcoholate anion that is free to activate CO, by attacking its
electrophilic carbon atom. Finally, the linear carbonate is
transformed into a five-membered cyclic carbonate through
an intramolecular elimination step.

In the case of the bimetallic [Al(salen)],O complexes
synthesized by North and co-workers, their structure was
thought to be critical from a mechanistic point of view as one
of the aluminum centers is proposed to activate the epoxide
whilst the other activates a molecule of CO,.*! The authors
proposed a mechanism in which the epoxide is first ring-
opened by attack of the nucleophile, thus affording an
aluminum-bound alkoxide (Scheme 24). Carbon dioxide is
activated by the second aluminum atom and subsequent
intramolecular attack of the alkoxide onto the carbon dioxide
gives an aluminum carbonate, which then mediates cycliza-
tion and releases the cyclic carbonate product to regenerate
both the catalyst and co-catalyst. This reaction pathway was
then revisited in 2009 when the authors published a detailed
study of the reaction kinetics. Their experiments showed a
first-order dependence in substrate and Al™-salen catalyst,

o BuyN*Br/Cat.

@0
& X

Br

(OYO — (g\/o\[R
4 0

Scheme 24. Possible mechanism to explain the catalytic activity of the
bimetallic [Al(salen)],O complex synthesized by North and co-workers.
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but remarkably a second-order dependence in tetrabutylam-
monium bromide co-catalyst. This result suggested a more
prominent role of this component in the rate-determining
step of the formation mechanism of the cyclic carbonates. The
role of NBu,Br was investigated by experiments aimed to
assess the reusability of the catalyst/co-catalyst system when
propylene oxide was used as substrate.

The purity of the propylene carbonate obtained was
analyzed by GC and revealed the presence of a second
compound, which was identified as tributylamine. Its pres-
ence decreased upon reusing the catalysts but was detected
again upon further addition of tetrabutylammonium bromide.
It was then hypothesized that NBu,Br was decomposed to
tributylamine, with the latter playing an important role in the
reaction mechanism. This mechanism was substantiated by
kinetic experiments in which different concentrations of
[Al(salen)],O, tetrabutylammonium bromide, and tributyl-
amine were employed, and the experiments showed that the
reaction rate depends on all three components. This new-
found evidence allowed a new mechanism to be proposed
(Scheme 25) where coordination of the epoxide to a Lewis

(0]
O/U\O
e @>-o<a>
o}
AN
i - R
NBu, | ¢ géB_O_GEE ) \
o_\/[g @
O/AO R 0
NBu,Br
co NBu; /&
Buaﬁ—CO2 5

Scheme 25. Catalytic cycle for cyclic carbonate synthesis mediated by a
dinuclear Al(salen) complex.

acidic metal center is followed by ring opening by bromide.
This intermediate reacts with a carbamate salt molecule
(formed by decomposition of a tetrabutylammonium bromide
molecule to tributylamine and further reacted with CO,) to
afford a complex in which both the epoxide and the carbon
dioxide are activated and pre-organized to mediate an
intramolecular coupling. Displacement of a tributylammoni-
um group finally affords a metal-coordinated carbonate,
which undergoes subsequent ring-closure to form the cyclic
carbonate and regenerates the catalyst. Although to date a
limited number of mechanistic investigations have been
reported, the details discussed in this section help to explain
the catalytic behavior of some metal-salen catalysts in cyclic
carbonate formation. This information can facilitate an even
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better design of new catalytic systems to overcome selectivity
and activity issues.

7. Conclusions and Outlook

Catalytic experiments coupled with mechanistic studies
have provided an interesting insight on how metal-salen
complexes can be used as efficient catalysts for the coupling
reaction of CO, with a wide variety of epoxides to ultimately
afford five-membered cyclic carbonates. In general, it has
emerged that the efficiency of a catalytic system is controlled
by various factors, namely the catalytic conditions (CO,
pressure, temperature, co-solvent used), the electron-donat-
ing/withdrawing ability of the substituents on the salen
ligands, and obviously the nature of the metal and co-catalyst
used. The remarkable progress achieved in the last decade in
developing homogenous and heterogenous catalytic systems
is a very strong foundation for the development of the next
generation of metal-salen catalysts. The general ease and
cost-effective synthesis of salen ligands makes the use of these
scaffolds very appealing for industrial applications and allows
for a beneficial alteration of the catalyst structures by
controlling the electronic and steric features or by inserting
chiral modules and/or alternative metal ions. Nevertheless,
the employment of environmentally more friendly alterna-
tives to potentially toxic metals such as chromium (if oxidized
to Cr'") coupled with mild reaction conditions, a long-lived
catalyst, and the avoidance of polluting co-solvents is still a
chemical challenge with room for improvement. It is foresee-
able that future research will largely have to focus on
developing systems aimed at increasing the affinity between
the catalyst and both the substrate (for example by increasing
the Lewis acidity of the catalytic metal) and CO,, thus
allowing for the employment of milder reaction conditions.’*!
These improvements might afford cheap catalysts with
unprecedented high catalytic activity that are readily acces-
sible for large-scale industrial applications. It should however
be noted that low-temperature processes are not of interest
when the synthesis of (cyclic) carbonates is concerned, as
effective heat removal from the exothermic reaction offers a
way to save energy. The use of metal-salen catalysis should
therefore focus on other challenges that involve selectivity
issues (see Scheme 21) or new recycling strategies. Another
challenge that is still unmet is the efficient and broad-scoped
synthesis of chiral cyclic carbonates that are potentially useful
as pharmaceutical synthons. In light of their previous success
in asymmetric synthesis, the privileged salen ligand (and its
complexes) can offer the synthetic community a strong
foundation to resolve the above-mentioned issues.
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