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Abstract

This short review describes the research work over the last 10 years on the synthesis, structure and reactivity of neutral and
cationic O,N mono-aminophenolate dialkyl group-13 complexes. In general, the neutral diakyl group 13 derivatives of the type
{ON}MR; (ON = aminophenolate), are readily accessible by reaction of the appropriate aminophenol ligand (OH-N) and a trialk-
yl group 13 reagent of the type MR3, via an alkane elimination reaction. These neutral precursors can then be converted to robust
and stable Lewis acidic aminophenolate group-13 cations, via an alkyl abstraction by B(C¢Fs); at the metal center of {ON}MR,.
These cationic species, whose structures are strongly influenced by the steric nature of the ancillary ligand, have thus far found
applications as PO polymerization catalysts and were also shown to be implicated in a B(C¢F5)3-catalyzed hydroalumination of
aromatic ketones. To cite this article: S. Dagorne, C. R. Chimie 9 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Cette mise au point décrit le travail de recherche effectué ces dix derniéres années sur 1’étude de la synthése, de la structure et
de la réactivité de complexes O,N mono-aminophénolatés et dialkylés du groupe 13. En général, les dérivés neutres et dialkylés du
groupe 13 du type {ON}MR, (ON = ligand aminophénolaté) sont aisément accessibles par réaction d’un ligand aminophénol
appropri¢ (OH-N) avec un réactif trialkylé du groupe 13 du type MR;, via une réaction d’élimination d’alcane. Ces précurseurs
neutres peuvent étre alors transformés en complexes cationiques du groupe 13, lesquelles sont stables, robustes et acides de Lewis,
cette transformation s’effectuant par arrachement d’un groupe alkyl, au moyen de B(CgF5s)3, au centre métallique de {ON}MR,.
Ces especes cationiques, dont les structures sont grandement influencées par la nature stérique du ligand ancillaire, ont jusqu’ici
trouvé des applications en tant que catalyseurs de la polymérisation du PO. Leur implication dans une réaction d’hydroalumination
de cétones aromatiques catalysée par B(CgFs); a également été¢ démontrée. Pour citer cet article : S. Dagorne, C. R. Chimie 9
(2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

There has recently been a growing interest toward
the design and synthesis of low-coordinate cationic
group 13 alkyl species of the types {LX!MR" and
{LX}M(R)(L)" (L labile) (LX = monoanionic biden-
tate ligand, M = Al, Ga, In) for applications in catalysis
[1]. Such group 13 cations, readily accessible by reac-
tion of the neutral dialkyl precursors {LX}MR, with
B(C¢Fs)s or [PhsC][B(CgFs)4] [2], incorporate a low
coordinated and cationic metal center and are thus ex-
tremely Lewis acidic. As such, these highly reactive
cationic species are of potential interest in Lewis acid
catalysis and some of them have already found applica-
tions as epoxide [3], ethylene [2b,c] and pr-lactide [4]
polymerization catalysts. However, to date, the obtain-
ment of reasonably stable cationic derivatives often re-
mains tricky, which can be ascribed to their intrinsic
high reactivity. Thorough studies on {LX}MR" and
{LXYM(R)(L)" species have shown that the steric and
electronic properties of the chelating ligand LX™ were
crucial for the stability of the resulting cations [3,5].

Bidentate O,N aminophenolate ligands of type A
(Scheme 1) have proven to be versatile ligands in the
stabilization of transition metal complexes in various
oxidation states [6]. Therefrom, the stabilizing proper-
ties of this class of ligands has appeared appealing for
their use as LX ligands for the design and synthesis of
stable {LX}MR,, {LX}MR" and {LX}M(R)(L)" group
13 complexes. In particular, given the excellent affinity
of oxygen and nitrogen for group 13 metals, such bi-
dentate O,N ligands are expected to form stable, while
still flexible, six-membered metallacycles. In addition,
the steric properties of these O,N ligands are easily tun-
able via, for example, the introduction of ortho-substi-
tuent (R in Scheme 1) on the phenol ring. The nature of
the sterics associated with the aminophenolate ligand is
of crucial importance since, as will be seen, it largely
determines the stability, structure and the reactivity of
the derived group 13 complexes. Finally, one should
mention that the synthesis of ligands of type A is quite
straightforward, involving, in most cases, a one-pot
Mannich reaction between the appropriate phenol, for-
maldehyde and the desired amine [7].

R

S
R = alkyl or aryl group
NMez

Scheme 1.

In the present contribution, we first review the synth-
esis and structures of neutral aminophenolate dialkyl
and diphenyl group 13 complexes of the type {LX}
MR,; we then present the synthesis, structural charac-
terization and reactivity of the cationic complexes de-
rived from.

2. Neutral mono-aminophenolate dialkyl group
13 complexes

2.1. Synthesis

There are a few examples of well-characterized
mono-aminophenolate dialkyl group 13 species and
those have been quite recently reported. In search for
phenolate ligands with potentially intramolecular coor-
dinating ortho-substituents, Hogerheide et al. [8] re-
ported about 10 years ago that the simple aminophenol
2-(CH,NMe,)CgH4OH (1) smoothly reacts with AlMes
via a classical methane elimination reaction to yield the
quantitative formation corresponding aminophenolate
chelate Al complex {2-(CH,NMe,)CsH,O}AIMe, (2,
Scheme 2). Although compound 2 was assumed to be
monomeric, its structure was not unambiguously estab-
lished whether in solution or in the solid state.

The mono-aminophenolate aluminum complex 2 is
unstable in the presence of a Lewis base such as THF
since it disproportionates to afford the corresponding
bis(aminophenolate) Al species and Al(Me);(THF)
(Scheme 3). For this exchange of ligands to take place,
a transition state has to be formed in which the pheno-
late ligands bridge between two aluminum centers (see
Scheme 4). As shown in Scheme 4, the authors propose
that the role of the Lewis acid in the exchange reaction
of 2 is to make it possible for an amino substituent to
dissociate from one aluminum center and, after rotation
about the C—O bond of the ligand, to attack on the other
aluminum center. This causes a methyl shift and expels
Al(Me)3(L) from the newly formed bis(phenolate) Al
species [8]. The mechanism for this disproportionation
reaction clearly implies a dimeric nature of complex 2,
at least in solution.

Scheme 2.
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Scheme 3.

The use of more sterically demanding aminophenol
ligands, via the introduction of a second ortho-substitu-
ent on the phenol ring, dramatically increases the stabi-
lity of the formed Al chelates. Thus, the Al complexes
incorporating a bulkier aminophenolate {2-(CH,L)-6-
R-C4sH4O}AlMe, (3a—e, Scheme 5), also synthesized
by a methane elimination reaction between AlMes; and
the desired aminophenol, are stable in THF up to 80 °C,
showing no sign of disproportionation reaction [9]. In
the present case, it is likely that the steric bulk of the
chelating ligand prevents the formation of a dimeric Al
species, thus precluding a ligand exchange reaction.

A few examples of mono-aminophenolate boron,
gallium and indium dialkyl and diphenyl complexes
have also been reported. The chelate boron complex {2-
(CH,NMe,)C¢H40}BPh, (4, Scheme 6) was recently
synthesized in two steps starting from B(OMe)s,
although in an overall poor yield [10]. In contrast, ami-
nophenolate dialkylboron derivatives {2-(CH,NEt,)-
C¢H4O}BEt; (5, Scheme 7) were shown to be accessi-
ble in a straightforward manner, and in excellent yields,
via a simple alkane elimination reaction [11]. Similarly,
the Ga morpholino dimethyl complexes 6a—d [12], the
Ga and In diethyl complexes 7a—b [13] were also ob-
tained via alkane elimination reactions in good yield
(Scheme 8).

L. «@

MezN O

o — Me"

Me
@2 NMe,

2 (dimer)

R

3a; R=Ph, L =NMey, R'= Me
o ; 3b; R ='Bu, L = NMe,, R' = Me
. .wR 1 :
/AI\ 3c; R="Bu, L =NCgH4q, R'= Me
L R 3d; R=Bu, L = NC4Hg, R' = Me
3e; R=CPhs, L= NMe,, R'='Bu
3a-e
Scheme 5.
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Scheme 7.

2.2. Solution and solid-state structural features

The solid-state structures of compounds 3b, 3d and
46 as determined by X-ray crystallographic analysis,
unambiguously established them as 1?(O,N)-bonded
aminophenolate dialkyl (or phenyl) group 13 species.
For an example, the molecular structure of the Al deri-

e MezN

| .M\\O
( — Me—ﬁ\r +
Me,N O
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(THF)AIMe5

Scheme 4.
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< 3 O\M"\Me
N{ ‘Me

6a-d Ta-b
6a;, X=H 7a; M =Ga
6b; X =NO; 7b; M =1In
6c; X =Me
6d; X =ClI
Scheme 8.

vative 3b is illustrated in Fig. 1 [9]. In such complexes,
the group 13 metal center adopts a slightly distorted
tetrahedral structure. The bite angle of the n*(O,N)-
bonded aminophenolate, ranging from 93° to 98°, is
compensated for by the opening of the C-M-C, O—
M-C and N-M-C bond angles. The main structural
feature of these molecules is a puckering of the six-
membered chelate metallacycle with, in general, the
amine-AlMe, moiety considerably out of the nearly
planar remaining metallacycle backbone, as illustrated
in Fig. 2 in the case of 3b.

The N,O bidentate chelating structure of mono-ami-
nophenolate dialkyl group 13 complexes observed in
the solid state is clearly retained in solution as deducted
from NMR data. These data also show an effective C;
symmetry for this class of compounds on the NMR
time scale at room temperature, which is due to a fast
conformation change, via a ring flip, of the six-mem-
bered N,O metallacycle chelate. These fast conforma-
tional changes, illustrating the flexible nature of the me-

Fig. 1. Molecular structure of a mono-aminophenolate dimethyl Al
complex: 3b (reproduced with permission of the ACS copyright
office).

Fig. 2. The significant puckering of the Al metallacycle in 3b.

tallacycle backbone, were studied in details in the case
of the boron derivative {2-(CH,NMe,)CsH40}BPh,,
where two different conformers could be observed at
—60 °C in d®-toluene [10].

3. Dinuclear cationic aminophenolate alkyl
aluminum complexes from the dialkyl precursors

3.1. Synthesis and structure of aminophenolate
dinuclear aluminum cations

As stated in Section 1, n?(O,N)-bonded aminophe-
nolate group 13 dialkyl species may be used as neutral
precursors for the generation of highly Lewis acidic
group 13 cations, via an alkyl abstraction at the group
13 metal center. This approach has been so far applied
to Al aminophenolate derivatives 3a—e.

The Al dimethyl complexes {2-(CH,L)-6-R-C¢H40}
AlMe, (3a-d) were found to cleanly react with
B(Cg4Fs); to afford the dinuclear cations {2-(CH,L)-6-
R-C¢H,0} AlMe {2-(CH,L)-6-R-C¢H40}AlMe, " (9a—
d'/92’-d"") as a mixture of two diastereomers and as
MeB(C¢Fs);~ salts (Scheme 9) [9]. All these cations
are stable for days under an inert atmosphere at room
temperature whether in a pure form or in solution, thus
showing the suitability of the aminophenolate ligand for
the stabilization of Al alkyl cations.

In these cationic systems, the presence of two dia-
stereomers (9a—d" and 9a'-d’", Scheme 9) is due to the
fact that each dinuclear cation contains two elements of
chirality: i.e. a stereogenic tetrahedral Al center and a
second element of chirality resulting from the config-
urational stability of the AIMe, chelate ring. The latter
element of chirality is proposed on the basis of solid-
state structural studies and of the lack of dynamic be-
havior in solution of 9a—d/9a’—d™" (vide infra). As
could be anticipated, different diastereomeric ratios
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Scheme 9.

are observed in the 9a—d'/9a’-d"" cationic systems
(Scheme 9). These different ratios (9a" vs. 9b*/9b"" and
9b"/9b"" vs. 9¢c—d"/9¢c—d"") show that both the phenol
and the amino groups influence the diastereoselectivity
of these reactions.

Several X-ray determined molecular structures of
this new family of dinuclear cations, clearly established
the adduct nature of these cationic species, as illustrated
in Fig. 3 in the case of 9a" [9]. Thus, as shown in

Fig. 3. Molecular structure of the dinuclear Al cation 3a* (reproduced
with permission of the ACS copyright office).

Fig. 3, cation 9a’ exhibits an overall C; symmetry
and can be seen as an adduct of the three-coordinate
cation {2-(CH,NMe,)-6-Ph-CqH,O}AIMe" and the
neutral four-coordinate Al complex {2-(CH,NMe,)-6-
Ph-C¢H40}AlMe,, in which the two Al centers are
linked by a x*-O bridging aminophenolate ligand
through O(2). Interestingly, the six-membered-ring Al
(2) metallacycle containing the bridging aminopheno-
late adopts a boat like conformation, which further il-
lustrates the excellent flexibility of the chelating ligand.
Such a conformation can be rationalized by the geome-
trical constraints imposed on the aminophenolated li-
gand by both the coordination of O(2) to Al(1) and
the tetrahedral geometry preferred by Al(2).

Detailed 1D and 2D NMR studies of all Al cations
are consistent with their solid-state structures being re-
tained in solution up to 80 °C in aromatic and haloge-
nated solvents and no dynamic behavior was observed
in solution from room temperature to 80 °C, indicating
the robustness of these derivatives. In addition, no close
cation—anion interactions were observed in solution un-
der the studied conditions.

From the above studies, one can conclude that the
presence of a Ph or a ‘Bu ortho-substituent on the phe-
nol ring of the aminophenolate ligand does not provide
enough steric shielding to prevent the formation of ag-
gregates: i.e. in the present case, the formation of di-
nuclear Al cationic species. As observed in other Al
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cationic {LX}AIMe" systems [5], the tendency to gen-
erate polynuclear species, a common feature in group
13 (III) chemistry, seems to be enhanced when going
from neutral to cationic derivatives.

3.2. Stability and reactivity with THF
of aminophenolate dinuclear Al cations

The stability of the dinuclear aminophenolate Al ca-
tions was studied in the case of the 9b"/9b"" diastereo-
meric mixture (1:1 ratio). Complete decomposition of
the salt species [9b/9b'][MeB(C¢F5);] is observed after
overnight in benzene (70 °C) giving rise to a 1:1:1 ratio
of the neutral monomethyl complex {2-(CH,NMe,)-6-'
Bu-C¢H,O} Al(Me)(CgFs) (10b), complex 3b, and
three-coordinated borane MeB(C¢Fs), (Scheme 10). Si-
milar degradation reactions between cationic Al alkyl
systems and the MeB(C¢Fs);  anion occurring via a
CgFs transfer from the anion to the Al center has pre-
viously been observed [14]. However, degradations of
this type usually take place at a lower temperature, thus
illustrating the excellent stability of the 9b'/9b"" sys-
tem.

The reactivity of the dinuclear cations 9b—d"/9b'—d’"
has also been investigated with a Lewis base such as
THF. Thus, with the notable exception of cation 9a",
cationic species 9b—d/9b'—d’" readily react with THF
to afford a 1:1 mixture of the cationic THF adduct Al
alkyl complexes {2-(CH,L)-6-Bu-CcH,O}Al(Me)
(THF)" (11b-d") and the neutral precursors 3b—d
(Scheme 11). The obtainment of the AI-THF cationic
adducts 11b—d" from the dinuclear species 9b—
d"/9b'—d’"" is consistent with the proposed adduct struc-
ture of the latter cations. In contrast, the reaction of 9a*
with THF has been reported to afford an untractable
mixture, which remains quite perplexing given the ap-
parent structural similarities, in solution and in the solid
state, of all the synthesized cations.

'Bu
(9b-b'] CeHs CeF
[l‘mB(Cst)al W O\A[“ oe
i 7
(1/1 ratio) T, e
10b
+3b
+ MGB(CGFs)E
Scheme 10.

By
[9b-d/9b"-d"] THF
[MeB(CeFslal —™ O\(ﬁ»"‘“‘“’
SN
L THF
©)
MGB(CGF5)3

11b*: L = NMe,
11c*: L = NC4Hg
11d*: L = NCgH4g

[11b-d][MeB(CgF5)3]

Scheme 11.

3.3. Applications of aminophenolate dinuclear Al alkyl
cations in Lewis acid catalysis

As cationic low-coordinate aluminum species, the
dinuclear aminophenolate Al cations 9b—d'/9b'—d""
are expected to be highly Lewis acidic species, thus
of interest in catalysis. Therefore, their reactivity has
been studied with ethylene and propylene oxide.

Cations 9b—d'/9b'—d’"" are not active in ethylene
polymerization, as might be expected by the robustness
and the lack of fluxional behavior of these adducts spe-
cies. These cations, do, however, initiate the polymer-
ization of propylene oxide under mild conditions to af-
ford atatic PPO in reasonable yields and Mw/Mn values
(Table 1).

As suggested by the data in Table 1, lowering the
temperature increases the yield in PPO as well as the
molecular weight of the obtained PPO. Overall, the cat-
alytic activity of cations 9b—d"/9b'—d"" for PO poly-
merization compares with that of Schiff base—AlEt,Cl
systems [15] but is lower than that of porphyrinato-alu-
minum chloride complexes [16].

4. Extremely bulky cationic aminophenolate alkyl
Al complexes

The obtention of mononuclear cationic group-13
complexes of the type {LX}AIMe" is, in general, more
interesting than that of dinuclear analogues, because
mononuclear species usually exhibit a higher reactivity
toward Lewis bases and are often easier to structurally

Table 1

Cationic Yield in PPO  Mn Mw/Mn
complex (%)

9b"/9b"" * 55 2840 1.54
9b"/9b"" ° 70 9022 1.73
9¢/9¢" 51 2560 1.61
9d*/9d"™" 61 3076 1.50

# Reaction conditions: 200 equiv of PO, toluene, room temperature,
15 min.
b Reaction conditions: 200 equiv of PO, toluene, 0 °C, 15 min.
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characterize. However, a dramatic steric crowding
around the group-13 metal center, possible via the in-
corporation of an extremely bulky LX ligand in {LX}
AlMe", is required for the formation of such cations
and thus to prevent aggregation from occurring. Ac-
cordingly, the design and synthesis of an extremely
bulky aminophenolate LX  seemed appropriate.

4.1. Synthesis and structure

While the ionization chemistry of the dimethyl Al
complexes 3a—d yields the clean formation of dinuclear
cationic species 9b—d"/9b'—d"", that of the extremely
bulky aminophenolate Al diisobutyl derivative {2-
(CH,NMe,)-4-Me-6-CPh;-C¢H,0} Al'Bu, (3e, Scheme
12), appears more complicated according to preliminary
results: a mixture of Al species seems to be obtained
and their characterization is under study [17]. However,
in the presence of a Lewis base such as NMe,Ph, the
ionization of compound 3e quantitatively affords the
mononuclear Al cation {2-(CH,NMe,)-4-Me-6-CPhs-
CsH,0} Al('Bu)(NMe,Ph)" (12¢") as a HB(C4Fs); salt
(Scheme 12) [18].

The salt species [12e][HB(C¢Fs)3], whose molecular
structure was determined by X-ray crystallography
(Fig. 4), is rather unusual in the sense that it incorpo-
rates a Lewis acidic Al cation associated with a Lewis
base entity such the HB(C¢Fs); anion, a hydride
source. The excellent stability of this salt species may
be ascribed to the significant steric hindrance around
the Al center in 12e" preventing an attack of the boro-
hydride anion HB(C¢Fs); . The structural data for [12e]
[HB(C4Fs);] deduced from solid state and solution
structural studies are all consistent with no close ca-
tion—anion interactions.

4.2. Implications of an aminophenolate Al cation
in a B(C4F's)s-catalyzed hydroalumination of Ph,CO
and PhCHO

The reactivity of the Al cation/HB(C¢Fs); salt com-
pound [12e][HB(CgFs);] as a Lewis acid and base sys-
tem has been studied with carbonyl substrates. Such

CPhs CPhy

~ 1)NMezPh ‘
O, .Bu 2)B(CeFs)s 0@ JBu
/AI;A —-CH i A
N, 'Bu zr2 N, “NMeyPh
I i
= )
HB(CsFs)a

3e [12e][HB(CeFs)s]

Scheme 12.

H1

cs3
ca9

B1 C95

Fig. 4. Molecular structure of [12e][HB(C¢Fs);]. The CgFs rings of
the HB(CgFs);  anion are omitted for clarity (reproduced with
permission of the ACS copyright office).

substrates appeared attractive since they may act as Le-
wis bases toward the formed Al cation while being sus-
ceptible to hydride attack from HB(CgFs); .

The diisobutyl Al complex 3e, in the presence of
benzophenone or benzaldehyde, was found to be
cleanly converted to the corresponding neutral mono-
alkoxy monoisobutyl complex {2-(CH,NMe,)-4-Me-6-
CPh;-C¢H,0} Al(‘Bu)(O—C(H)(R)Ph) (13a-b) provided
a catalytic amount of B(C¢Fs); is used (Scheme 13)
[17]. This B(CgFs)3;-catalyzed hydroalumination reac-
tion, which proceeds smoothly at room temperature,
most likely involves a mononuclear cation of the type
described in Section 4.1, as proposed in Scheme 14.

According to Scheme 14, the initial reaction of com-
plex 3e with B(Cg4F5);, in the presence of the carbonyl
derivative acting as a Lewis base L, probably leads to
the formation of a transient species that can be related
to 12e": i.e. a 4-coordinate cationic Al-L adduct 6-

CPhg 0 CPhg

o_ Jau PUX o dBux,
LA AL /g
N, TBu B(CeFs)s N, 07 “pp
‘ “t (0.05 equiv) |1™
3e - isobutene 13a,X=H
13b, X =Ph
Scheme 13.
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13a or 13b

(o]
B(CsFs)3 3e+
Z/ \3 Ph)LX

CPh,

0® Bu
\A[:r“\ X
N, 0T

g '?)P“

© B(CsFs)a

Scheme 14.

(CH,NMe,)-2-CPh;-4-Me-C¢H,O}AI(Bu)(L)" as a
HB(C4Fs);™ salt, along with release of isobutene. The
HB(C4Fs); borohydride may then transfer back an hy-
dride to the quite electrophilic C=O carbon, thus produ-
cing complex 13a or 13b and re-generating B(CgF5s);.
The mechanism proposed here: ie. a B(CgFs)s-
mediated hydride abstraction/transfer reaction, is remi-
niscent to that found in the B(C¢F5)3-catalyzed hydro-
silation of carbonyl functions, studied by Parks et al.
[19].

5. Summary, concluding remarks and perspectives

Bidentate monoanionic O,N aminophenolate ligands
are suitable for coordination to group 13 metal centers
as shown by the research work performed in this area
over the last 10 years. This suitability may be illustrated
by the excellent stability of neutral group 13 mono-ami-
nophenolate derivatives, provided there is a sufficient
steric protection of the metal center to avoid ligand ex-
change reactions. In addition, these dialkyl group 13
complexes are easily accessible via classical alkane
elimination reactions.

While the ionization of {LX}MR, group 13 com-
plexes usually yield poorly stable low-coordinated ca-
tionic species, stable aminophenolate aluminum have
been reported and shown to be active as catalysts for
PO polymerization. The higher stability of these amino-
phenolate cations versus other cationic systems may be
related to the flexibility of the chelating aminophenolate
backbone, allowing this ligand to adapt to the steric and
electronic requirements of the chelated metal center.

In terms of perspectives, the Lewis acidic Al cations
presented in this short review may broaden the scope of
catalytic applications of this class of species, a result of
their higher stability. In addition, as shown here by a
B(C¢Fs)3-catalyzed hydroalumination, these robust spe-

cies might also be useful for the mediation of unusual
transformations. Finally, an extension of this ionization
chemistry to gallium and indium derivatives, which are
known to exhibit an increased stability vs. Al analo-
gues, may also be of interest.
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