Chinese Chemical Letters 33 (2022) 2402-2406

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect

Chinese Chemical Letters

Well-defined phosphate yttrium dialkyl complexes for catalytic ®)

Check for

stereo-controllable 1,4-polymerization of isoprene

Pusu Yang?, Hui-Zhen Du?, Xiang-Yu Zhang?, Yong-Liang Xia?, Jun-Tao Sun?, Qian Peng?,

Bing-Tao Guanb*

2 College of Chemistry, Nankai University, Tianjin 300071, China
b Department of Chemistry, Fudan University, Shanghai 200438, China

ARTICLE INFO ABSTRACT

Article history:

Received 23 July 2021

Revised 15 November 2021
Accepted 23 November 2021
Available online 27 November 2021

Keywords:
Phosphate

Yttrium alkyls
Isoprene
Stereo-controllable
1,4-Polymerization

92.0%).

Oxygen ligation is envisioned to provide a stable and distinctive coordination environment to the strongly
oxophilic rare-earth metals. However, the well-defined dialkyl complexes bearing oxyanion ancillary lig-
and had been rarely addressed for the instability of the complexes and the shortage of easily available
ligands. Herein, we report the synthesis of phosphate ligated dialkyl yttrium complexes (PYR;) featuring
a high stability and a tunable ligand. Treated with the borate reagent, the phosphate yttrium complex
displays high activity and selectivity in the catalytic cis-1,4-polymerization of isoprene (up to 96.5%). Fur-
thermore, using AlMe; as an additive, the stereoselectivity switches to trans-1,4-polymerization (up to

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Polyisoprene (PIP) with well-defined microstructure represents
an essential class of functional material in elastomers and plas-
tics [1-3]. The huge demand of them thereby promotes an im-
pressive development of rare-earth metal catalysts [4-6], which
achieved the selective synthesis of cis-1,4-PIP, [7-26] trans-1,4-PIP
[27-33] and 3,4-PIP [34-39]. It is noteworthy that some catalytic
systems were reported to enable a switch of the selectivity by a
slight modification of the metal center, ancillary ligand, or cocat-
alysts [40-54]. For example, Anwander found that the lanthanum
fluorenyl half-sandwich catalyst efficiently produced trans-1,4-PIP
(80%), while the lutetium complex gave access to higher cis-1,4-
contents (78.2%) [40]. Arnold discovered that half-sandwich scan-
dium borohydrides complexes with different NHC ligands could
swtich the stereoselectivity in the isoprene polymerization (94%
trans-1.4 and 80% cis-1.4) [41]. Hou and Zhang reported that the yt-
trium amidinate complex, by addition of AlMes, were transformed
to heterotrinuclear Y/Al complex, which could dramatically switch
the regio- and stereoselectivity of isoprene polymerization (from
3,4-isospecific to 1,4-cis selective) [46,47]. In these cases, the pre-
cise control on the regio- and stereoselectivity definitely displays
the state of the art in catalyst design. A tailor-made catalyst with
new structure, good stability, high catalytic activity and selectiv-
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ity, however, is still highly desired in both academic and industrial
fields.

Dialkyl rare-earth complexes bearing a monoanionic ancillary
ligand have recently drawn much attention, serving as efficient
catalysts for the polymerization and functionalization reactions of
alkenes [55-60]. Most of these ligands feature delocalized car-
banions or multidentate nitrogen anions structures (Scheme 1A).
According to the strong oxophilicity of rare-earth metals, oxyan-
ions are supposed to have great potential for acting as suited an-
cillary ligands [61-75]. Based on this assumption, Evans synthe-
sized dialkyl rare-earth complexes adopting steric bulky 2,6-di-
tert-butylphenol as an ancillary ligand [61,62]. Subsequently, func-
tionalized phenols [63-67], silanols [68,69], alkoxy NHCs [70,71]
were also introduced into the ancillary ligand family (Scheme 1B).
Anwander reported the synthesis of various alkylated carboxylate
rare-earth complexes that catalyzed cis-1,4-polymerization of iso-
prene [72]. These oxyanion ligands moved down a new path for
the synthesis of dialkyl rare-earth complexes, whereas most of
these complexes were not stable enough, presumably because of
the easy ligand redistribution and complex aggregation reactions.
Nevertheless, further studies about dialkyl rare-earth complexes
bearing oxyanion ligands remain sluggish due to a lack of lig-
and diversity. Although some lanthanide carboxylates [76-79] and
phosphates [80-85] were used as catalyst procursors in polymer-
ization process, the well-defined alkyl complexes are yet undevel-
oped and the role of ligands is still obscure. Thus, we are quite
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A. Rare-earth dialkyl complexes bearing widely used ancillary ligands
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B. Rare-earth dialkyl complexes bearing oxyanion ancillary ligands
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C. This work: well-defined phosphate yttrium dialkyl complexes
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Scheme 1. Examples of rare-earth dialkyl complexes.
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Scheme 2. Synthesis of phosphate yttrium dialkyl complexes.

curious about that if phosphates could be applied as anion ligands
for dialkyl rare-earth complexes; a positive answer to this ques-
tion could provide further insight about oxyanion ancillary ligands
and also an attractive alternative catalyst. Herein, we reported the
synthesis of well-defined phosphate yttrium dialkyl complexes and
their catalytic application in stereo-controllable 1,4-polymerization
of isoprene (Scheme 1C).

The oxophilicity of rare-earth metals would definitely provide a
strong interaction between the metal ion and the phosphate an-
ion. This strong bonding, however, together with the small steric
hindrance of the oxyanions, would probably result in the bridg-
ing interaction and ligand redistribution. To avoid the possible
side reactions, we proposed to start with tris(aminobenzyl) yt-
trium complex, whose alkyl anion has a “built-in” chelating amino
group. Thinking of the widely used N-heterocyclic carbene lig-
ands, we synthesized two N-heterocyclic phosphorodiamidic acids
(NHPAs) bearing similar skeleton structures and tunable steric
parameters [86,87]. The acid-base reaction between NHPAs and
Y(CH,CgH4NMe;-0)3 took place smoothly at 60 °C in toluene and
afforded the N-heterocyclic phosphate yttrium bis(aminobenzyl)
complexes PYR, after 3 h (Scheme 2). Both complexes were fully
characterized by 'H, 13C and 3'P NMR spectroscopy, and their
structures in solid state were determined by single-crystal X-ray
diffraction (XRD). These characterizations reveal the similar struc-
tures of the two phosphate yttrium complexes, as shown in Fig. 1.
The phosphate anion is bonded to the yttrium center in x2 fashion
through two oxygen atoms. The yttrium atom is well located on
the OPO rigid frame to form a planar quadrilateral. In a simplified
view, the phosphate ligand creates a well-defined steric pocket,
along with the «2 coordination from the aminobenzyl ligands, con-
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Fig. 1. ORTEP structure of PYR, complexes with thermal ellipsoids set at
30% probability. Hydrogen atoms and solvents have been omitted for clar-
ity. Selected bond lengths [A] and angles [°]: (P'YRp, left) Y1-O1 2.282(2),
Y1-02 2.277(2), Y1-C21 2.435(3), Y1-C30 2.435(3), Y1-N3 2.533(2), Y1-N4
2.522(2), 01-Y1-02 63.63(8), P1-01-Y1 96.19(1), P1-02-Y1 96.12(1), 01-P1-02
103.99(1). (P2YRy, right) Y1-01 2.306(2), Y1-02 2.300 (2), Y1-C27 2.439(3), Y1-C36
2.436(3), Y1-N3 2.525(2), Y1-N4 2.533(2), 01-Y1-02 62.86(6), P1-01-Y1 96.23(8),
P1-02-Y1 96.48(8), 01-P1-02 104.30(1).

ducing to enhance the stability of PYR,. Through comparison with
the two phosphate yttrium complexes, it is showed that the Y-
O bond lengths in P2YR, (2.306(2) A) are longer than those in
P1YR, (2.282(2) A). We speculated that the larger steric hindrance
from the isopropyl groups increases the distance between phos-
phate and yttrium atom.

As part of our continuing investigations into isoprene polymer-
ization, we then used the PYR, as catalysts for further exploration.
The neutral P'YR, alone proved to be inactive for the isoprene
polymerization (Table 1, entry 1). However, once activited with
1 equiv. of borate reagent [Ph3C][B(CsF5)4], P'YR, at room tem-
perature demonstrated high catalytic activity: 1000 equiv. of iso-
prene were converted quantitatively into PIP within 20 min (entry
2). Remarkably, the polymer product features a high cis-1,4 con-
tent (93.7%). GPC curve indicated that the PIP obtained is unimodal
with a M, of 2.6 x 10° and a narrow molecular weight distribution
(PDI = 1.4). The catalytic polymerization under lower temperature
took place smoothly and gave PIP with even higher cis-1,4 content
(96.5%) as well as higher molecular weight (M, = 3.6 x 10°) (en-
try 3). We next carried out the catalytic polymerization with var-
ious [Isoprene]/[P'YR,] ratios varying from 600 to 5000 (entries

-9). All the reactions produced PIP with high efficiency (yields
> 98%) and excellent selectivity (cis-1,4 selectivity: 92.6%—96.5%).
Furthermore, the molecular weight of the resultant PIP increases
linearly with the amount of the isoprene monomers (see Support-
ing information for details), while the molecular weight distribu-
tion still keeps narrow (1.4-1.6). The phosphate yttrium complex
here displayed a very high catalytic activity and thus provided
an approach for the synthesis of high-molecular-weight cis-1,4-PIP
(My up to 1.06 x 10%). Considering the important roles of alky-
laluminum compounds in polymerization, we further carried out
the catalytic polymerization reaction in the presence of trialky-
laluminum reagents (entries 10 and 11). Al(iBu)s, a well-known
chain transfer reagent, led to the decrease of the molecular-weight
(My = 1.9 x 10°), as expected. Unlike some known findings [46,48]
that addition of AlMes could increase the cis-1,4 content of PIP, the
addition of 5 equiv. of AlMes3 herein greatly increased the trans-1,4
content (44.1%).

The catalytic system P2YR,/[Ph;C][B(CsF5)]s exhibited lower
cis-1,4 selectivity in the polymerization of isoprene, but higher
initiation efficiency (42.1%), compared to the catalytic system
P'YR,/[Ph;C][B(CgF5)]s (25.9%), producing the PIP product with
83.3% cis-1,4, 5.3% trans-1,4 and 11.4% 3,4 contents (Table 2, entry
1). This result suggested that the steric effect of the two ortho-
substituted N-aryl rings might be a contributing factor of the cis-
1,4 selectivity. The bulky o-isopropyl in N-aryl rings led to the de-
crease of cis-1,4 selectivity [11,16]. The catalytic system contain-
ing 5 equiv. of AlMes3 surprisingly switched the stereoselectivity
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Table 1
P'YR; catalyzed cis-1,4-polymerization of isoprene. ¢
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)\/ P'YR; + [B]
=
toluene
25 °C, 20 min
Entry IP (equiv.) P Yield (%) Selectivity (x [y [ z) ¢ M, (10%) ¢ PDI 4 Ty (°C) ¢ eff. (%)*
1f 1000 - - - - - -
2 1000 99 93.7 /23 /36 2.6 14 -62 259
38 1000 99 96.5 /0.7 /28 36 14 -63 18.7
4 600 98 938 /2834 1.8 1.4 -62 223
5 800 98 935/3.1/34 2.3 15 -62 232
6 1200 98 93.7 /2835 3 14 -62 26.7
7 1500 99 926 /3.6 /3.8 35 1.5 —62 28.6
8 2000 99 951 /1.7 /32 48 15 -62 28.1
9 5000 95 944 /1.7 | 3.8 10.6 1.6 —64 30.5
10h 1000 97 93.9/20/39 1.9 3 —64 34.8
110 1000 95 50.6 | 44.1 [5.3 2.6 21 —63 24.9
2 Reaction conditions: P'YR; (10 pmol), [PhsC][B(CsFs)4] (10 pmol), toluene (5 mL), room temperature, 20 min, unless otherwise noted.
b Equiv. = [isoprene]/[P'YR;].
¢ Selectivity ratio of cis-1,4/trans-1,4/3,4 determined by 'H and *C NMR spectroscopy.
4 Determined by GPC with respect to a polystyrene standard.
¢ Determined by DSC.
f Without [PhsC][B(CgFs)4].
£0°C
" 60 min.
15 equiv. of Al(iBu); as additive.
i'5 equiv. of AlMe3 as additive.
k Initiation efficiency = M, (calculated)/M, (measured).
Table 2
P2YR, catalyzed 1,4-polymerization of isoprene. ¢
P2YR, + [B] —
)\/ toluene ~
25 °C, 90 min x Y zn
Entry AlMe; (equiv.) ® Yield (%) Selectivity (x |y | z) ¢ M, (10%) ¢ PDI 4 Ty (°C) © eff. (%)«
1/ - 99 833/53/114 1.6 1.6 -58 421
2 1 80 85.4 /42104 2.6 1.7 -59 21.0
3 2 84 81.5/43 /132 2.7 2.5 -58 21.2
4 3 93 19.5 /757 ] 48 1.9 2 —66 333
5 4 89 11.3/85.1/23 1.9 1.7 -69 32.0
6 5 99 82/894 /24 3.6 14 —68 18.7
7 10 83 6.1/92.0/19 1.3 1.5 —68 43.4
88 5 82 48.7 | 36.8 [15.4 2.6 14 -57 215
9h 5 98 85.8 /1.8 /124 1.1 23 —54 60.7
10 5 - - - - -
11 5 - - - - -

Reaction conditions: P2YR; (10 pmol), [Ph3C][B(CgFs)4] (10 pmol), toluene (5 mL), isoprene (10 mmol), room temperature, 90 min.

Equiv. = [AIMes]/[P2YR, .

Determined by GPC with respect to a polystyrene standard.
Determined by DSC.

20 min.

€ 5.0 equiv. of AlEt; as additive.

h 5.0 equiv. of Al(iBu); as additive.

I Without P2YR;.

I Without [Ph3C][B(CsFs)]s.

k Initiation efficiency = M, (calculated)/M, (measured).

a
b
¢ Selectivity ratio of cis-1,4/trans-1,4/3,4 determined by 'H and *C NMR spectroscopy.
d
e

from cis-1,4 to trans-1,4-polymerization, thus affording the poly-
mers with contents of 89.4% trans-1,4 units (entry 6). The trans-1,4-
polymerization took place much more slowly (90 min). The signif-
icantly increased molecular weight (M, = 3.6 x 10°) revealed an
obvious decreased efficiency of the catalyst (18.7%), which hinted a
dramatic structure change of the catalytic species. We speculated
that the heteronuclear Y/Al complex formed in-situ might be the
possible cataytic species in the trans-1,4-polymerization [9,28,46].
To find out more details, we carefully examined the polymeriza-
tion with different [AlMe;]/[P2YRy] ratios. 1 or 2 equiv. of AlMe;
did not obviously change the regioselectivity (entries 2 and 3). Us-
ing 3 equiv. of AlMe3 as additive resulted in a noticeable increase
of the trans-1,4 selectivity from 5.3% to 75.0% (entry 4). When 4
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equiv. of AlMe3 or more was added, the PIP was obtained with
higher trans-1,4 content (85.1%—92%) (entries 5 and 7). It is sug-
gested that 4 equiv. of AlMe; was necessary for the formation
of the heterotrinuclear Y/Al complex [46]. It is noteworthy that
10 equiv. of AlMe; as additive gave the PIP with lower molecular
weight (M, = 1.3 x 10°) but similar narrow molecular weight dis-
tribution (PDI = 1.5), suggesting that the excess amount of AlMe;
may act as a chain transfer reagent to interrupt the growing poly-
mer chain and tune the molecular weight. For comparison, the PIP
obtained with the system P2YR,/[Ph;C][B(CsF5)]4/AlEt; or Al(iBu);
failed to achieve high trans-1,4 contents (entries 8 and 9). This
observation showed that the trans-1,4 selectivity might be influ-
enced by the steric effect of the aluminum alkyls (AlMe; > AlEts
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Fig. 2. ORTEP structure of [P'Y(AIMe,),], with thermal ellipsoids set at 30% prob-
ability. Hydrogen atoms and solvents have been omitted for clarity. Selected bond
lengths [A] and angles [°]: Y1-O1 2.188(2), Y1-04 2.194(2), Y1-C1 2.621(4), Y1-
C2 2.527(4), Al1-C1 2.062 (4), Al1-C2 2.074(4), 01-Y1-O4 95.883(8), 01-P1-02
108.205(1), P1-01-Y1 161.082(1), C1-Y1-C2 82.598(1), C1-Al1-C2 110.499(2), C3-Al1-
C4 118.280(2).

> Al(iBu)s) [21]. Control experiments were conducted that the iso-
prene polymerization could not be initiated without either borate
reagent or P2YR,, indicating that the cationic Y/Al species may ac-
count for the trans-1,4-polymerization of isoprene (entries 10 and
11). To gain further insight into the possible heterotrinuclear Y/Al
species, we carried out the reaction between phosphate yttrium
dialkyl complexes and 4 equiv. of AlMes. A crystal of a phos-
phate bis(tetramethylaluminate) yttrium complex [P1Y(AIMey), ],
suit for X-ray diffraction analysis was surprisingly obtained (Fig. 2).
Compared to the crystal structure of P1YR,, this dimer complex
[P'Y(AIMe,),], features a quite different coordination environ-
ment around the yttrium metal center. The huge change of the
catalyst structure might result in the different coordination and
insertion mode of isoprene, leading to trans-1,4-polymerization of
isoprene (Table 1, entry 11). The synthesis and isolation of het-
eronuclear Y/Al complex [P2Y(AIMe4);], and catinoic species of
[P'Y(AIMe,),], were tried but failed, possibly because of their
thermal instability.

In conclusion, N-heterocyclic phosphate ancillary ligand was de-
signed and proved to be suitable for the synthesis and isolation
of yttrium dialkyl complexes, which could be conveniently pre-
pared via the acid-base reactions between tris(aminobenzyl) yt-
trium complex and N-heterocyclic phosphoric acid. Activated by
[Ph3C][B(CgF5)]4, the yttrium complexes PYR, exhibit high cat-
alytic activities for cis-1,4-selective (up to 96.5%) polymerization of
isoprene. The stereoselectivity was dramatically switched from cis-
1,4 to trans-1,4-polymerization (up to 92.0%) when using AlMe3 as
an additive. Considering various easily available phosphoric acids
including the chiral ones, we could expect a nice synthetic value
and diversified catalytic applications of phosphate ligated metal
complexes in near future. Along this line, the synthesis of N-
heterocyclic phosphate complexes with other metals and also with
chiral phosphoric acids are currently ongoing in our laboratory.
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