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ABSTRACT: New tetravalent metal complexes with a
trianionic [ONNO]-tetradentate ligand and an ancillary
chloride ligand were synthesized as catalysts for the
copolymerization of epoxides with carbon dioxide (CO,).
All of the titanium, zirconium, germanium, and tin
complexes were found to copolymerize epoxides with
CO,. In particular, the copolymerization of propylene
oxide with CO, gave the almost-completely alternating
copolymers by using titanium or germanium complexes.
These results are the first example of the copolymeriza-
tion using tetravalent metal complexes as a main com-
ponent of catalysts.

he alternating copolymerization of epoxides with carbon

dioxide (CO,) is one of the most promising processes for
CO, utilization." Since the first report by Inoue and co-workers
with Et,Zn/H,0 as a catalyst in the late 1960s,” a variety of
combinations of metal centers and ligands have been investigated
to improve the catalyst performance. The previously reported
active catalysts are based on either divalent (Zn®) or trivalent
(AL* S¢,° Cr,® Mn,” Fe® Co,’ Y,>° Dy,s’10 Lu™'°) metal com-
plexes: the representatives are Zn(OAr),,**® (BDI)ZnX,**¢ and
(salen)MX complexes [Ar = aryl; basic skeleton of BDI-H =
2-amino-4-iminopent-2-ene; basic skeleton of salen-H, = N,
N'-disalicylidene-1,2-ethylenediamine; X = monoanionic ancillary
ligand; M = AI(TIT),** Co(111),”* ™" and Cr(II1)*®°]. There has
been no literature ever reported on the use of a tetravalent metal
complex as an active catalyst component.'' Here we report the first
achievement in the copolymerization by using tetravalent metal
complexes.

Our design strategy for the use of tetravalent metal complexes
is drawn in Figure 1. The (salen)MX complexes, which have been
known as a catalyst with the highest performance, are composed
of a trivalent metal ion (M), a dianionic [ONNO ]-tetradentate
salen ligand, and a monoanionic ancillary ligand (X). We con-
ceived of an idea that the combination of a tetravalent metal ion,
a trianionic [ONNO]-tetradentate ligand, and a monoanionic
ancillary ligand would accurately mimic (salen)MX complexes.
Based on this strategy, we designed the tetravalent metal com-
plexes with a 1,9-bis(2-oxidophenyl)dipyrrinate (BOXDIPY) li-
gand (Figure 1). BOXDIPY ligands are promising trianionic
analogues of salen ligands because of their rigid structure and
[ONNO]-tetradentate coordination mode. Recently, boron-
(111),'? aluminum (I11),'?* manganese (111, V)," and silicon(IV)"*
complexes with a BOXDIPY ligand were reported. Although the
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Figure 1. Design strategy for the tetravalent metal complexes.

Scheme 1. Synthesis of (BOXDIPY)MCI Complexes
(M = Ti, Zr, Ge, and Sn)

3 2-Hs (74%)

1a: M =Ti, L = thf (93%)

1b: M = Zr, L = thf (98%)
1c: M = Ge (98%)

y 1d:M=8n, L =thf (99%)

coordination geometry of metal-BOXDIPY complexes depends
on the nature of the central metal ions and ancillary ligands, the
BOXDIPY ligand was found to occupy four equatorial sites in the
octahedral manganese(III) complex,' similar to the typical salen
ligands.

The synthesis of metal(IV) complexes 1 with a BOXDIPY
ligand 2 was described in Scheme 1. Methyl-protected ligand
precursor 3 was synthesized by reference to the reported
proc<e(iures.12b’15 Demethylation was carried out by using so-
dium thiolate, giving the metal-free ligand precursor, 1,9-bis(3,
S-di-tert-butyl-2-hydroxyphenyl)-S-phenyldipyrrin (2-Hj). Depro-
tonation of 2-H;3 with NaH and the subsequent reaction with the
corresponding metal chlorides afforded titanium, zirconium,
germanium, and tin complexes in high yields (>93%). These
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(a)

Figure 2. ORTEP drawings of (a) 1aand (b) 1c (50% thermal ellipsoids;
solvent (CH,Cl, for 1a) and all hydrogen atoms are omitted for clarity).

are the first examples of group IV metal, germanium, and tin
complexes with a BOXDIPY ligand. 'H and "*C NMR spectra
showed that each complex forms a Cs-symmetry structure in
solution, indicating the planar tetradentate coordination of the
trianionic ligand. In addition, one tetrahydrofuran (THF) mo-
lecule was indicated to coordinate to the metal center in titanium
(1a), zirconium (1b), and tin (1d) complexes by '"H NMR
spectra (vide infra), while no signal assigned to THF protons was
detected for the germanium (1c) complex.

The solid-state structure of each complex was revealed by
single-crystal X-ray structural analysis. As shown in Figure 2a,
titanium complex 1a forms an octahedral geometry where four
equatorial coordination sites are occupied by the BOXDIPY
ligand 2. One of the two apical coordination sites is occupied by a
monoanionic chloride ligand, and the other site is ligated by a
neutral THF molecule as indicated by NMR spectroscopy. The
equatorial plane, which is defined by O1, N1, N2, O2, was nearly
planar with an average atomic displacement of 0.0233(13) A.
The titanium center deviated by 0.1502(14) A toward the apical
chloride ligand. Zirconium and tin complexes 1b and 1d also
form a similar structure (see Supporting Information). In con-
trast, germanium complex 1c forms a distorted trigonal-bipyr-
amidal geometry (Figure 2b). The atoms N1 and O2 are located
in the two apical coordination sites with a N1—Gel—02 angle of
176.98(14)°. The equatorial plane is shared by N2, O1, and Cl1
with N2—Gel—01, O1—Gel—Cl1, and N2—Gel—Cl1 angles
of 128.21(14)°, 116.56(10)°, and 115.22(11)°, respectively. The
germanium center lies almost in the equatorial plane. Such a C;-
symmetry structure of complex Ic in the solid state is contra-
dictory to a Cs-symmetry structure expected by NMR spectros-
copy, indicating the rapid interconversion between isomers in a

solution state,'* or the formation of a Cs-symmetrical octahedral
geometry via THF-dg coordination.

The copolymerization of propylene oxide (PO) with CO,
([PO]/1=2000; CO, = 2.0 MPa) was carried out at 60 °C for 12
h by using the complex 1a as a catalyst. When the complex was
used without any additive, the copolymerization did not proceed
to give only propylene carbonate (PC). In contrast, the addition
of ammonium salts [ Ph;P= N=PPh;]CI ([PPN]CI) resulted in
the successful production of poly(propylene carbonate) (PPC)
with a TOF of 29 and moderate PPC selectivity (PPC/PC =71/29)
(Table 1, entry 1). The obtained PPC had a highly alternat-
ing structure (carbonate linkage: 98%) based on its "H NMR
spectrum. Higher polymerization temperatures of 80 and 100 °C
gave a higher conversion of PO, while the selectivity for PPC
significantly decreased to yield a larger amount of PC (entries 2
and 3). The PPC selectivity was also susceptible to the molar
ratio of 1a/[PPN]CI (entries 4 and S): a significant decrease in
PPC selectivity was observed with a larger excess amount of
[PPN]CI (entry S). CO, pressure did not show a significant
effect on the polymerization behavior (entries 6 and 7). The
nucleophilic anion of the ammonium salt was reported to affect
the catalytic activity and the PPC/PC selectivity when using
metal—salen complexes.®*>?** In the present system, the
copolymerization with [PPN]Nj or [PPN][OCOCFs] resulted
in lower PPC/PC selectivity (entries 8 and 9).

The germanium complex was also found to copolymerize PO
with CO, under the typical conditions ([PO]/[1] =2000; CO, =
2.0 MPa, 60 °C, 12 h) to give PPC with high carbonate-linkage
content (entry 11), while the zirconium and tin complexes pro-
duced only PC (entry 10) and the copolymer with high ether-
linkage content (entry 20), respectively. The copolymerization with
germanium complex 1c under higher temperature (entries 12, 13)
or with an excess amount of [PPN]CI (entry 15) led to a decrease in
PPC selectivity, similar to that with titanium complex la. It is
noteworthy that the use of a lower amount of [PPN]CI (0.75 equiv
to 1c) resulted in a higher PPC selectivity of >90% (entry 14).
Furthermore, the higher catalytic activity and carbonate-linkage
content were achieved under high CO, pressure (entry 17).
Accordingly, the copolymerization with germanium complex 1c
was found to give almost-completely alternating copolymer selec-
tively. The use of other ammonium salts resulted in a slightly lower
PPC selectivity (entries 18 and 19).

The copolymerization of cyclohexene oxide (CHO) with CO,
was also investigated by using the tetravalent metal complexes 1.
The results are summarized in Table 2. The titanium and
germanium complexes gave almost-completely alternating poly-
(cyclohexene carbonate) (PCHC) selectively without a conco-
mitant amount of cyclohexene carbonate (CHC) (entries 1 and 3).
Zirconium complex 1b, which was not applicable to PO/CO,
copolymerization, was found to produce PCHC, while the activity
was quite low and ether-linkage content was high (entry 2). The
copolymerization with tin complex 1d gave the copolymer with high
ether-linkage content (entry 4), similar to the case in PO/CO,
copolymerization.

In summary, we have developed a variety of tetravalent metal
complexes with a trianionic tetradentate BOXDIPY ligand as a
new family of epoxide/CO, copolymerization catalysts. Espe-
cially, the titanium and germanium complexes were found to give
the alternating copolymers. Although the catalytic activity is still
lower than those of the previously reported catalysts such as
metal—salen complexes, the results described here are the
first example of the copolymerization using tetravalent metal
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Table 1. Copolymerization of Propylene Oxide with CO, by Using Tetravalent Complexes 1°

oo, P18 o
o~ €O — 07 075 o7‘n t )0
PO PPC © PC
carbonate
[PPN]CI CO, temp yield of TOF linkage M,

entry 1 (equiv to 1) [MPa] [°C] PPC + PC (%)" PPC/PC* for PPC* [%]° [g-mol '] M,/M,*
1 la 1.0 2.0 60 25 71/29 29 98 8100 1.19
2 1.0 2.0 80 55 33/67 30 9% 9200 1.35
3 1.0 2.0 100 98 2/98 3 77 - -
4 0.5 2.0 60 21 82/18 29 9 14000 128
s LS 2.0 60 83 1/99 1 67 - —
6 1.0 1.0 60 27 73/27 33 98 14000 1.36
7 1.0 4.0 60 24 67/33 27 98 9100 113
8 1.0° 1.0 60 25 51/49 22 97 6300 1.14
9 1.0/ 1.0 60 33 37/63 20 99 7100 11§
10 1b 1.0 2.0 60 21 0/100 0 - - -
11 1c 1.0 2.0 60 15 71/29 10 95 7200 1.14
12 1.0 2.0 80 26 40/60 17 94 6500 1.16
13 1.0 2.0 100 82 0/100 - - - -
14 0.75 2.0 60 13 93/7 19 91 6600 115
15 20 2.0 60 69 0/100 - - - -
16 0.75 1.0 60 6 80/20 8 88 5300 121
17 0.75 4.0 60 17 93/7 26 97 18000 1.22
18 0.75° 40 60 14 89/11 21 98 9400 1.54
19 075 4.0 60 19 83/17 26 98 13000 1.32
20 1d 1.0 2.0 60 22 32/68 12 87 4300 1.22

“PO (1.0 mL, 14.3 mmol), complex 1 (7.1—7.2 x 10> mmol) in a 50-mL autoclave for 12 h. " Determined on the basis of "H NMR spectroscopy of the
crude product by using phenanthrene as an internal standard. “(mol of repeating unit)-(mol of 1) '-h™". 4 Determined by size-exclusion
chromatography analysis using a polystyrene standard. “[PPN]N; was used instead of [PPN] CL./[PPN][OCOCF;] was used instead of [PPN]CL

Table 2. Copolymerization of Cyclohexene Oxide with CO,
by Using Tetravalent Complexes 1°

complex 1
D B O, O
+ CO —_—
S 2 12h 0707 07»n
CHO PCHC
yield  TOF for carbonate M, M,/
entry 1 (%)*  PCHC* linkage [9]° [g-molfl]d M4
1 la 45 76 99 13000 1.27
2 1b S 8 54 1100 1.28
3 1c 36 60 99 14000 1.12
4 1d 10 17 75 2500 1.73

“ CHO (2.0 mL, 20 mmol), complex 1 (10 x 10> mmol), [PPN]CI (1.0
equivto 1) in a 50-mL autoclave at 60 °C for 12 h. * Determined on the basis
of "H NMR spectroscopy of the crude product by using phenanthrene as an
internal standard. ¢ (mol of repeating unit) - (mol of 1) ™' -h ™", Determined
by size-exclusion chromatography analysis using a polystyrene standard.

complexes as a main component of catalysts. Considering the
toxicity of most of the active metals such as cobalt and chromium,'®
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less toxic metals such as titanium and germanium here reported
should provide attractive alternatives to metal-salen complexes.
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