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(2-Phosphinophenyl)aluminum Dichloride Complexes as

Intramolecular Al/P Frustrated
and Imine Activation

Lewis Pairs for Ketone, Ester,

Yoshihiro Nishimoto,*? P I Hirotaka Okamoto,® and Makoto Yasuda*!- P!

(2-Phosphinophenyl)aluminum dichloride complexes were
synthesized and their frustrated Lewis pair (FLP) reactivity
was investigated. Selective mono-substitution of AICl; with
lithioarenes was achieved by introducing sterically demand-
ing substituents—tert-butyl, ethyl, or PCy,—at the 6-position of
the phenylene linker, effectively suppressing over-substitution
and enabling successful isolation of the target complexes.

1. Introduction

Over the past decade, research related to frustrated Lewis
pairs (FLPs) has grown substantially as these systems have
the unique ability to activate small molecules and promote a
plethora of catalytic transformations.'! Intermolecular FLP sys-
tems require substantial steric hindrance for maintaining spatial
separation between the Lewis acidic and basic centers. In con-
trast, intramolecular FLPs are constructed by covalently linking
a Lewis acid and base through a bridging unit (linker)."®! A
key advantage of intramolecular FLPs over their intermolecular
counterparts is the ability to control the spatial arrangement
and distance between the reactive centers by tuning the linker
structure. Despite the development of numerous intramolecu-
lar FLP systems based on boron-containing Lewis acids, reports
on Al-based Lewis acids are relatively limited.” Aluminum is
among the most earth-abundant elements and aluminum com-
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Single-crystal X-ray diffraction and NMR spectroscopic analy-
ses confirmed the formation of a four-membered P-Al-C-C core
structure. These complexes function as Al/P-based FLPs capable
of activating simple carbonyl and imine compounds, includ-
ing aliphatic ketones, prop-2-ynoate esters, and N-arylimines.
The mechanism of carbonyl activation by these Al/P FLPs was
elucidated through density functional theory (DFT) calculations.

pounds are generally less toxic and more cost-effective than
transition metal complexes; thus, the development of FLP sys-
tems incorporating aluminum-based Lewis acids is promising
for the advancement of sustainable chemical processes. The
HOMO-LUMO gap between the Lewis acid and base plays a
central role in the FLP reactivity. In this context, the inherently
high Lewis acidity of aluminum offers a notable advantage over
boron-based systems.[™! To date, most intramolecular aluminum-
based FLPs feature hydrocarbyl (alkyl or aryl) substituents at
the aluminum center.'”” Such FLPs have been employed to acti-
vate carbonyl compounds and their analogs—including CO,,™
aldehydes,™ isocyanates,'” diketones,™ «,B-unsaturated car-
bonyl compounds,'™ cyclopropenones,™ benzonitrile,™! and
azirines."! However, the activation of simple ketones, esters,
and imines remains underdeveloped (Figure 1A). Enhancing the
Lewis acidity of aluminum centers by introducing highly elec-
tronegative halogen substituents is a promising strategy for

(A) many reports  (B) Checinska (C) Limberg (D) this work
R.P---Al(alkyl Beckmann
2P AlEky): g A, RZP ————— AICI, R,R---AICI,

R,P---Al(aryl), OO

Previous works

Activation of simple ketones, esters, and imines remains underdeveloped.

() )

;
Cy,R---AICl, R 7LX\@
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R1 +
R1JLY R
Bu A ketone (X = O, R', Y = alkyl)

L _ 1_ _ Bu
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ester (X = 0, R' = alkynyl, Y = OMe)
This is the first report of the activation of carbonyl and iminyl groups
in simple ketones, imines, and esters by FLP based on Al-Lewis acids.

Figure 1. Reported intramolecular FLPs containing aluminium dihalide
moiety as Lewis acid versus this work.
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enabling the activation of these challenging substrates. Despite
this potential, only two intramolecular FLPs bearing aluminum
dihalide moieties have been reported to date.["”'®! Checifska and
Beckmann reported the synthesis and structural characteriza-
tion of [5-(diarylphosphino)acenaphth-6-yllaluminum dichloride
(Figure 1B),!"! although its FLP reactivity was not demonstrated
owing to strong intramolecular Lewis acid-base interactions
resulting from the short Al-P distance. Limberg et al. reported
the reactivity of Al/P FLP based on a biphenylene structure, in
which appropriate spatial separation between the Ar,P and AICl,
moieties enabled activation of the CO, and allene (Figure 1C).™
This study presents the synthesis, characterization, and FLP reac-
tivity of (2-phosphinophenyl)aluminum dichloride complex A
possessing substituents at the 4- and 6-positions (Figure 1D).
Notably, these complexes effectively activate aliphatic ketone, N-
arylimine, and prop-2-ynoate ester substrates (Figure 1E). To the
best of our knowledge, this is the first report of the activation of
carbonyl and iminyl groups in simple ketones, imines, and esters
by FLP based on Al-Lewis acids.

2. Results and Discussion

In cases where the Lewis acidity of the aluminum center is
significantly enhanced by the halogen atoms in the target A
(Figure 1D), intramolecular coordination of the phosphorus atom
may be excessively strengthened, thereby inhibiting the expres-
sion of FLP characteristics. The use of an ortho-phenylene bridge
to tether the Lewis acidic and basic sites enables the manifesta-
tion of frustrated Lewis pair (FLP) reactivity, driven by the release
of ring strain associated with the four-membered AlI-P-C-C
ring. Since the seminal work of Miqueu and Borissou on ortho-
phenylene-bridged B/P-based FLPs (Figure 2A-i),2%! the design
of vicinal FLP systems incorporating phenylene linkers has been
established as an efficient strategy for developing intramolecular
FLPs.1 However, systems incorporating an aluminum dihalide
moiety (AIX;) remain unprecedented (Figure 2A-ii). Bourissou
et al. reported the synthesis of Al[C¢H4(0-P'Pr,)1,Cl via the reac-
tion of AICl; with ortho-lithio PPh(i-Pr), in a 12 molar ratio
(Figure 2A-iii).[??2! Similarly, Fontaine et al. prepared Al[CsH,(o-
PPh,)]; by reacting AlCl; with ortho-lithio PPh; in a 1:3 molar
ratio (Figure 2A-iv).2?4! Very recently, Breher et al. reported the
synthesis and reactivity of Al[C¢H4(0-PPh,)]1(‘Bu), as an FLP; how-
ever, they did not address the activation of ketones, imines, or
esters (Figure 2A-v).®! In addition to ortho-phenylene-bridged
FLPs, Mizuhata and Tokitoh reported the synthesis of vicinal
C,-bridged Al/P FLPs capable of activating benzaldehyde and
alkynes. (Figure 2A-vi).26%! |nitially, the synthesis of Al[C¢H4(0-
PPh,)ICl, was attempted herein; however, the reaction yielded
a mixture of Al[C¢H4(0-PPh;),Clz_,] species (n =1, 2, 3) via over
substitution (Figure 2B), even under stoichiometric 1:1 reaction
conditions (see the Supporting Information for details).?®! To
address this issue, a substituent, tert-butyl, ethyl, or PCy,, was
introduced at the 6-position of the phenylene linker to suppress
multiple substitutions (Figure 2C).5'32!

The lithiation of aryl bromide precursors B-1 and B-2 with
"BulLi, followed by a substitution reaction between AlCl; and the
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Figure 2. A) ortho-Phenylene-bridged Al/P-based FLPs. B) Initial attempt to

synthesize Al[(o-Ph,P)CsH4]Cl,. C) Developed strategy for suppressing
multiple substitution.

(A)
Cy,R  Br (1) "BuLi, ether Cy,R---AICl,
(2) AlCIy
R - R
Bu Bu
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PCy, PCy,
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Scheme 1. Syntheses of A-1, A-2, and A-3 via reaction of AICl; with
lithioarenes.

corresponding lithioarenes successfully afforded the target Al/P
FLPs A-1 and A-2 (Scheme 1A), respectively. A tert-butyl group
was introduced to facilitate the synthesis and improve solubil-
ity. These complexes were isolated as air- and moisture-sensitive
solids through evaporation of the volatiles, followed by filtra-
tion and washing with heptane and pentane. The signals of A-1
and A-2 in the ZAI{"H} NMR spectra in CD,Cl, at § = 117.5 and
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Figure 3. Molecular structures of A-1, A-2, and A-3 showing 30% probability ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond lengths (A)

and angles (°): A-1: Al1-P1 = 2.444(1), An-C1 = 1.978(3), P1-C2 = 1.824(3), P1-C2-C1

= 108.5(2), Al-C1-C2 = 103.0(2), CI1-Al1-CI2 = 110.20(5),

Ch-AI-C2 = 121.5(1), C1-AN-CI2 = 119.6(1), P1-Al1-C1 = 72.33(9). A-2: Al1-P1 = 2.4632(6), AlN-C1 = 1.963(2), P1-C2 = 1.813(2), P1-C2-C1 = 108.5(1),
AN-C1-C2 = 103.8(1), Cl1-A-CI2 = 108.96(3), Cl-Al1-C2 = 119.25(6), C1-Al1-CI2 = 121.15(6), P1-Al-C1 = 71.76(5). A-3: Al-P1 = 2.494(2), Al-P2 = 3.585(2),

Al-C1 = 1.964(5), P1-C2 = 1.825(5), P1-C2-C1

= 107.7(4), Al-C1-C2 = 105.8(4), Al-C1-C6 = 136.3(4), CI1-Al-CI2 = 110.50(9), CI-Al-C2 = 118.2(2),

C1-Al-CI2 = 124.3(2), C1-C6-P2 = 114.2(4), C5-C6-P2 = 126.4(4), P1-AlN-C1 = 70.6(2).

117.7 ppm, respectively, are similar to the reported chemical shifts
of tetra-coordinate aluminum atoms in ArAICl, with an internal
coordinating group.®™3! Signals of A-1and A-2 were observed at
8 = 29.5 and 337 ppm, respectively, in the 3'P{'"H} NMR spectra,
where the signals were significantly shifted downfield relative to
that of free PCy,Ph (§ = 6.3 ppm). Single-crystal X-ray diffraction
(SC-XRD) analyses" of A-1 and A-2 confirmed the installation
of an AICl, moiety adjacent to the PCy, unit at the 1,2-positions
on the phenylene scaffold (Figure 3). In the respective com-
plexes, the P-Al bond length is 2.444(1) A and 2.4632(6) A and
the ratio (r) between these distances and the sum of the cova-
lent radii (2.28 A)3% is r = 1.07 and 1.08, suggesting effective
coordination of phosphorus to the aluminum atoms. The AlCI,
and PCy, substituents were inclined toward each other. The bay
angles (P1-C2-C1 = 108.5(2)°, Al-C1-C6 = 103.0(2)° for A-1, P1-
C2-C1 = 108.5(1)°, and AlN-C1-C6 = 103.9(1)° for A-2) deviated
substantially from the ideal value of 120° reflecting the signif-
icant ring strain associated with the Al-P-C-C four-membered
ring. The tetrahedral character (THC) values for A-1 (24%) and A-
2 (22%) indicate highly distorted tetrahedral geometries at the
Al centers, together with acute P1-Al-Cl1 angles (72.33(9)° and
71.76(5)°, respectively).*®! Following the same synthetic strategy,
complex A-3 was synthesized from aryl bromide precursor B-
3 bearing two PCy, substituents (Scheme 1B). SC-XRD analysis
revealed that one of the two PCy, groups is inclined toward the
AICl, moiety, with a short Al1-P1 distance of 2.494(2) A, indicating
a donor-acceptor interaction. In contrast, the Al1-P2 distance is
much longer (3.585(2) A), suggesting a weak interaction. A-3 also
exhibits a highly distorted tetrahedral geometry, as evidenced
by its low THC value (21%) and acute P1-Al-C1 angle (70.6(2)°).
The ZAI{'H} NMR spectrum in CD,Cl, shows a resonance at § =
18.7 ppm, consistent with tetra-coordinate aluminum. Contrary
to expectations based on the solid-state structure, the 3'P{'H}
NMR spectrum of A-3 in CD,Cl, at room temperature exhibits
a single, sharp signal at § = 23.0 ppm. This chemical shift is
between those of A-1 and PhPCy,. This peak was not split but
showed slight broadening at —50 °C (Figure S4), suggesting a
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+
2.95 A AI C'
Cy,R---AICl, C AICI Cy,P,
yaR 2 v2 2.94 R
PCy, =— PCVz PCy,

AG*= 6.1 kcal/mol

Scheme 2. Equilibrium for the coordination of two P atoms to the Al atom
in A-3. DFT calculations were carried out with the SMD(CH,Cl,)-wB97XD
/6-311G(d,p)//SMD(CH,Cl,)-wB97XD/6-31G(d) functional.

fast equilibrium between coordination and noncoordination of
the two phosphorus atoms to the aluminum center in solution,
as depicted in Scheme 2. Density functional theory (DFT) cal-
culations support this interpretation, indicating a low activation
barrier (AG* = 6.1 kcal/mol) for the interconversion. In the transi-
tion state, the Al-P distances are equivalent, and the sum of the
bond angles around the aluminum atom (CI-Al-Cl = 110.957°, Cl-
Al-C = 124.497° or = 124.546°) is 360°, which is consistent with the
trigonal planar geometry.

The Lewis acidity of complexes A was evaluated based on
the Av(C = O) values of pyrone 1 upon complexation with A
(Scheme 3).! The Av(C = 0O) values of complexes A-1, A-2, and
A-3B4 are comparable to that of AlCl;, indicating their poten-
tially high Lewis acidity. The molecular structures of the resulting
complexes Ae1 are shown in Figure S5. In all cases, the carbonyl
oxygen atom of 1 displaced the intramolecular phosphorus atom
and coordinated with the Al atom. The THC values of the Ael
complexes—44% for A-1¢1, 65% for A-2¢1, and 64% for A-3¢1—are
significantly higher than those of the corresponding uncoordi-
nated complexes A. The strain release of the four-membered ring
drives the dissociation of the intramolecular Cy,P group from
the aluminum atom. These results demonstrate that complex A
exhibits pronounced Lewis acidity toward external Lewis bases.

Considering the high Lewis acidity of complex A, its ability to
activate carbonyl compounds was investigated. The reactions of
A-1and A-2 with heptan-4-one (2) in CD,Cl, at room temperature
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Scheme 3. Evaluation of Lewis acidity of A based on Av(C = O) value of
pyrone 1.

[0-1 5("3C): 80.7 ppm

c-2 5('3C): 83.4 ppm
Pr
5('3C): 211.3 ppm Pr

oo

Cy,P---AICI
y2 2 o Cy,R® AICI,
R + B ——
Pr)J\Pr CD,Cl, R
¢ RT
Bu t 2 BU
A-1 (R =Bu) C-1 (R =1Bu) 90%
A-2 (R =Et) C-2 (R=Et) quant.

Scheme 4. Activation of ketone 2 by A-1 and A-2.

afforded the corresponding ketone adducts C-1 and C-2 in excel-
lent yields (Scheme 4). In the BC{'H} NMR spectra, the resonance
corresponding to the carbonyl carbon of 2 disappeared, and
characteristic doublets appeared at § = 80.7 and 83.4 ppm with
'ep coupling constants of 40.2 and 35.9 Hz, respectively. These
signals correspond to the carbon atoms originating from the car-
bonyl group of 2, which are bound to the phosphorus atoms
in C-1 and C-2. The observed *C chemical shifts are comparable
to that of the reported «-alkoxy-substituted phosphonium com-
pound, Ph;P*C(CH;),OCH,C(CH;),0~ (8 = 75.5 ppm).839 The
3IP{'H} NMR spectra of C-1 and C-2 display resonances at § =
31.7 and 24.8 ppm, respectively. These values are close to those
previously reported for phosphonium species (e.g., >'P{'H} NMR:
Ph3P*C(CHs),0CH,C(CH;),0; § = 30.5 ppm, Bus(Ph)P*Cl~; § =
30.1 ppm).383°1 The Al NMR signals of C-1 and C-2 appeared
upfield relative to those of A-1 and A-2 (C-1: § = 96.0 ppm, C-
2: § = 98.5 ppm). Although suitable single crystals of C-1 were
not obtained, the molecular structure of C-2 was successfully
determined using SC-XRD analysis (Figure 4).34 When the phos-
phorous substituent at aluminium atom was replaced with an
oxygen atom, the strain in the four-membered ring was relieved,
and the aluminum center in C-2 adopted a more tetrahedral
geometry (higher tetrahedral character) than that in A-2. The
P1-C3 distance of 1.905(4) A and ratio (r) relative to the sum of
the covalent radii (1.83 A) of 1.04 support the formation of a P-
C bond. The high THC of 88% indicates that the C3 atom was
sp3-hybridized. The bonds formed between Al and the carbonyl
O atoms and between P and the carbonyl C atoms constructed
an Al-C—C—P—C—0 six-membered ring. As anticipated, the alu-

Chem. Eur. J. 2025, 0, €02450 (4 of 8)

Figure 4. Molecular structure of C-2 showing 30% probability ellipsoids.
Hydrogen atoms and solvent molecule (CH,Cl,) are omitted for clarity. Two
propyl groups are disordered. Selected bond lengths (&) and angles (°):
P1-C2 = 1.827(4), All-C1 = 1.987(4), All-01 = 1.737(5), C3-0O1 = 1.409(8),
C3-P1 = 1.905(4), P1-C2-C1 = 122.6(2), Al-C1-C2 = 121.0(3),

Cl1-Al-CI2 = 108.78(8), C"-Al-C1 = 112.7(1), C1-Al-CI2 = 112.5(1),

C1-Al-01 = 104.9(2), O1-Al-CI1 = 107.0(1), O1-Al1-C2 = 110.8(1).

D-2
5(*H): 5.26 ppm
5(*3C): 57.3 ppm

5("H): 8.44 ppm

H) A
. Ph r
Cy,P---AlCI 5('3C): 160.8 ppm !

Y2 2 ®\/I—N\ o

NAr Cy,R  AlCl,

N
H” ~Ph  CDCl R

Bu 3 RT
A-1 (R - tBu) (Ar = 4-BI'CGH4) tBu
A-2 (R=Et) D-1 (R ='Bu) 59%

D-2 (R = Et) quant.

Scheme 5. Activation of imine 3 by A-1 and A-2.

minum and phosphorus atoms functioned as Lewis acids and
nucleophiles, respectively, cooperatively activating the carbonyl
groups of 2.

The treatment of imine 3 with A-1 and A-2 at room tempera-
ture afforded the corresponding adducts D-1and D-2 (Scheme 5).
D-1 was obtained in moderate yield (59%) and was not isolated
from the reaction mixture. In contrast, D-2 was obtained quanti-
tatively. The '"H and C{'H} NMR spectra of D-2 show resonances
of the hydrogen and carbon atoms originating from the iminyl
group at § = 5.26 ppm and § = 57.3 ppm, respectively. The 2J,;p
coupling constant was 18.9 Hz and the 'Jcp coupling constant
was 51.8 Hz, indicating the formation of a P-C bond between
the phosphorus atom and iminyl carbon. The ZAl and 3P NMR
signals appeared at § = 105.6 ppm and § = 31.0 ppm, respec-
tively, consistent with the trend observed for C-1 and C-2. The
solid-state molecular structure of D-2 is shown in Figure 5.134 As
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D-2

Figure 5. Molecular structure of D-2 showing 30% probability ellipsoids.
Hydrogen atoms are omitted for clarity, except hydrogen on C3. Selected
bond lengths (&) and angles (°): C2-P1 = 1.810(4), AI-N = 1.860(3),

Al-C1 = 1.988(3), N1-C3 = 1.463(4), C3-P1 = 1.851(3), P1-C2-C1 = 116.5(3),
Al-C1-C2 = 123.6(3), CI-AI-CI2 = 108.81(5), Cl1-Al-C1 = 115.0(1),

C1-Al-CI2 = 107.8(1), C1-Al-N = 107.6(1).

E-2
5("3C): 97.6 ppm
@Me
—
(0}
S 5('3C): 154.4 Q
Cy,P---AlICl, ('3C) ppm Cr, A,
(0]
R + —_— R
=~ "OMe CD:LClh
RT
4

Bu Ph Bu

Zt
A-1 (R ="Bu) E-1 (R = 'Bu) no reaction
A-2 (R = Et)

E-2 (R =Et) quant.

Scheme 6. Activation of ester 4 by A-1 and A-2.

expected, the formation of both Al1-N1 and P1-C3 bonds was
confirmed. The aluminum atom adopted a tetrahedral geometry,
forming a six-membered Al-C-C-P-C-N ring (THC for Al1:86%).
The P1-C3 bond length was 1.851(3) A. The geometry of the
C3 atom changed from trigonal planar in imine 3 to tetrahe-
dral in D-2, as evidenced by the THC (74%) of the former. The
C3-N1 bond length was 1.463(4) A, consistent with single-bond
character of the C-N bond.

The activation of esters is more challenging than that of
ketones and imines primarily because of the generally lower
electrophilicity of the carbonyl groups in esters. Accordingly, the
treatment of simple alkanoic esters such as ethyl acetate with A-
1 and A-2 did not result in any reaction. Gratifyingly, the reaction
of methyl 3-phenyl-prop-2-ynoate (4) with A-2 at room tempera-
ture proceeded smoothly to afford the adduct E-2, likely because
of the reduced steric hindrance associated with the alkynyl moi-
ety (Scheme 6). In contrast, no reaction was observed between
A-1 and 4. E-2 was characterized through a series of NMR spec-

Chem. Eur. J. 2025, 0, €02450 (5 of 8)

E-2

Figure 6. Molecular structure of E-2 showing 30% probability ellipsoids.
Hydrogen atoms and solvent molecule (CH,Cl,) are omitted for clarity. ‘Bu
group is disordered. Selected bond lengths (A) and angles (°):

P1-C2 = 1.803(4), All-C1 = 1.972(4), Al-0O1 = 1.761(3), C3-01 = 1.376(5),
C3-P1 = 1.889(5), P1-C2-C1 = 116.5(3), AI-C1-C2 = 123.6(3),

CN-Al-CI2 = 107.67(7), Ch-Al-C1 = 112.8(1), C1-Al-CI2 = 114.4(1),

C1-Al-01 = 106.6(2), O1-AN-CI1 = 110.0(1), O1-Al1-C2 = 104.9(1).

troscopic analyses. The Al and 3'P NMR signals appeared at §
= 99.9 ppm and § = 25.4 ppm, respectively. These values are
close to those observed for C-2 and D-2. The resonance at §
= 97.6 ppm with a 'Jcp coupling constant of 96.8 Hz in the
BC{'"H} NMR spectrum corresponds to the carbon atom origi-
nating from the carbonyl carbon of 4, indicating the formation
of a P-C bond. The molecular structure of E-2 was confirmed
using SC-XRD, which revealed a six-membered Al-C-C-P-C-O
ring (Figure 6).2% The aluminum atom is coordinated to the car-
bonyl oxygen atom (Al1-O1 = 1.761(3) R) and adopts a tetrahedral
geometry (THC = 80%). The P1-C3 bond is clearly observed,
with a bond length of 1.889(5) A. Mizuhata and Tokitoh reported
that a vicinal C,-bridged Al/P FLP (Figure 2A-vi, left) reacts with
dimethyl acetylenedicarboxylate (DMAD) by 1,3- rather than 1,2-
addition and, moreover, does not activate 4.°! This contrasts
markedly with the present complex A-2, which activates 4 via a
1,2-addition.!*!

Subsequently, the reactivity of A-3 toward ketone 2, imine
3, and ester 4 was examined. All three reactions proceeded
smoothly at room temperature to quantitatively afford the cor-
responding adducts C-3, D-3, and E-3, respectively (Scheme 7).
The structures of these products were unambiguously confirmed
using SC-XRD (Figure 7).5% In the solid state, one (P1) of the
two phosphorus atoms in each complex forms a bond with the
carbonyl or iminyl carbon atom, resulting in the formation of
a P1-C3 bond. Simultaneously, the carbonyl oxygen or iminyl
nitrogen atom coordinates to the aluminum center, affording six-
membered rings of the type Al-C-C-P-C-O (for C-3 and E-3)
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): 83.5 ppm groups. The AN-P2 distances in C-3 (3.3483(7) A), D-3 (3.4260(9)
R), and E-3 (3.292(3) A) are significantly longer than the sum of
the covalent radii (2.28 A), supporting the absence of interaction.
Cy,P---AlICl, 3(%C): 211.3 pp Cy2 AICI2 The 3P{'H} NMR spectra of C-3, D-3, and E-3 show two distinct
0 resonances for each complex: C-3: § = 24.3 and 4.7 ppm, D-3: § =
PCy, o )J\P CDZCIZ PCy, 30.9 and 2.3 ppm, E-3: § = 23.8 and 5.8 ppm. The downfield sig-
8L A3 ' 2 r nals correspond to the phosphorus atoms involved in carbonyl
C-3 quant. or iminyl activation and are comparable to the chemical shifts
observed for C-2, D-2, and E-2. The chemical shift values of the
):5.21 ppm more upfield resonances are close to that of Cy,PhP (*'P{'H} NMR:

13C) 58.2 ppm

5("H): 8.44 ppm

Cy,P---AICl, 5(*3C): 160.8 ppm Cy2 AICI2
\\NAr
PCy, + Jj\ PCy,
H

Bu A-3 3

(Ar = 4-BrCgHy) D-3 quant.

): 97.5 ppm

\\%
('3C): 154.4 ppm

Cy,R---AICl, 8(7C): 154. Cy,P A|C|2
o)
PCy, + — PCy,

— OMe CD.Cl,
/ RT

Bu A-3 Ph 4
E-3 quant.

Scheme 7. Activation of ketone 2, imine 3, and ester 4 by A-3.

or Al-C-C-P-C-N (for D-3). The aluminum centers adopt tetra-
hedral geometries in all cases, as indicated by the THC values
of 69% (C-3), 71% (D-3), and 70% (E-3). The second phosphorus
atom did not participate in activation of the carbonyl or iminyl

8 = 6.3 ppm). The BC{'H} NMR spectra show signals of the carbon
atoms originating from the carbonyl groups in C-3 and E-3, and
of the iminyl group in D-3, at § = 83.5, 97.5, and 58.2 ppm with
'Jep coupling constants of 35.6, 96.0, and 52.6 Hz, respectively.
The '™H NMR spectrum of D-3 shows a signal of the hydrogen
atom originating from the iminyl group at § = 5.21 ppm, with
a 2Jyp coupling constant of 18.5 Hz. The Al NMR spectra of C-
3, D-3, and E-3 exhibit resonances around 100 ppm (C-3: § =
93.6 ppm; D-3: § = 1013 ppm; E-3: § = 94.1 ppm), indicating the
tetra-coordinated geometry of the aluminum atoms. Therefore,
these results indicate that the molecular structures of C-3, D-3,
and E-3 in the solid state were maintained in solution.

Notably, A-2 and A-3 were more effective for activat-
ing the carbonyl and iminyl groups than A-1, as shown in
Schemes 4-7!" To gain mechanistic insights into this reac-
tivity trend, the reactions of A-1, A-2, and A-3 with ester 4
were evaluated through DFT calculations. The computed reac-
tion energy profiles are shown in Figure 8. In the reactions
of A-1 and A-2 with 4, the initial coordination of the carbonyl
oxygen atom to the aluminum center leads to dissociation
of the AI-P interaction, forming intermediates Int1 and Int2.
Subsequently, intramolecular nucleophilic attack by the phos-
phorus atom on the carbonyl group generates the correspond-
ing adducts E-1 and E-2. The reaction with A-1 is endergonic

D-3

Figure 7. Molecular structures of C-3, D-3, and E-3 showing 30% probability ellipsoids. Hydrogen atoms and solvent molecules are omitted for clarity. For
D-3, a hydrogen atom on C3 is shown. Selected bond lengths (A) and angles (°): C-3: C3-P1 = 1.894(2), Al-O1 = 1.747(1), All-P2 = 3.3483(7),

01-C3 = 1.397(2), P1-C2-C1 = 19.3(1), All-C1-C2 = 120.7(1), CI-Al-CI2 = 108.96(3), CI1-Al-C1
= 120.5(2), Al-C1-C2 = 120.2(2), Cl1-AN-CI2 = 109.50(4), Cl'-AI1-C1
Q1-AN-CI2 = 122.61(8). E-3: C(3-P1 = 1.887(7), All-0O1 = 1.762(5), AN-P2 = 3.292(3), C3-01 = 1.342(9), P1-C2-C1

Al1-N2 = 1.878(2), Al1-P2 = 3.4260(9), C3-N1 = 1.467(3), P1-C2-C1

Ch-AI-CI2 = 108.7(1), Cl1-Al-C2 = 113.6(3), C1-Al-CI2 = 117.8(3).

Chem. Eur. J. 2025, 0, €02450 (6 of 8)

= 121.42(5), C1-Al-CI2 = 107.41(5). D-3: C3-P1 = 1.845(2),
= 102.00(7),
= 120.6(6), Al1-C1-C2 = 125.0(6),
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© — \
g /nt1 JLTAR alkyl
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Y 8.5 ‘Bu By Bu Bu
e Ol £ 7 AN
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Figure 8. Computed profile for the addition reaction of A with 4. DFT calculation was carried out with the SMD(CH,Cl,)-wB97XD/6-311G(d,p)//SMD(CH,Cl,)
-wB97XD/6-31G(d) functional. The vertical axis represents relative Gibbs free energies (AG, kcal/mol at 298 K).

(AG = 3.2 kcal/mol), and the activation barrier is significantly
higher (AG* = 19.4 kcal/mol), which agrees with the experimen-
tal observation that E-1 is not formed (Scheme 6). In contrast,
the transformation of A-2 is exergonic (AG = —6.9 kcal/mol)
with an activation barrier of 8.5 kcal/mol, consistent with the
effective production of E-2 at room temperature (Scheme 6).
Although the carbonyl group of 4 coordinates to the Al atom
of A-1, the AICl, moiety approaches the '‘Bu group, and the
increased steric repulsion between the groups suppresses the
addition reaction. A different activation pathway was identified
for A-3. The carbonyl oxygen atom of 4 coordinates with the
aluminum atom from the opposite side of the PCy, group, dis-
placing this phosphorus atom. Subsequently, the PCy, group,
positioned proximal to the carbonyl group via the phenylene
linker, adds to the carbonyl group (TS3), leading to the forma-
tion of E-3. From the energy profile for the reaction of A-3 with
4, the activation barrier is 11.7 kcal/mol with a Gibbs free energy
change of — 2.9 kcal/mol, in good agreement with the exper-
imental formation of E-3 at room temperature. A key feature
common to both A-1 and A-3 is the effective activation of the
carbonyl group by the AICl, moiety, which facilitates nucleophilic
attack by the PCy, group. In this process, the external Lewis basic
substrate displaces an intramolecularly coordinating PCy, group
from the aluminum center, thereby enhancing the Lewis acidity
of the AICI, moiety to a level sufficient for activation of ester 4.
The driving force for this transformation is the release of the ring
strain associated with the four-membered AI-P-C-C structure.
Additionally, the strategic positioning of the PCy, group adja-
cent to the AICl, moiety via the phenylene linker is essential for
promoting nucleophilic attack.

3. Conclusion
In summary, three (2-phosphinophenyl)aluminum dichloride

complexes, A-1, A-2, and A-3, were synthesized, and their FLP
properties were elucidated. The introduction of tert-butyl, ethyl,

Chem. Eur. J. 2025, 0, €02450 (7 of 8)

and PCy, substituents at the 6-position of the phenylene linker
effectively suppressed multiple substitution reactions between
AICl; and lithioarenes, enabling successful isolation of the tar-
get complexes. Single-crystal X-ray diffraction and NMR spec-
troscopic analyses revealed that these aluminum complexes
adopted four-membered P-Al-C-C ring structures. Complexes
A activate aliphatic ketone 2, N-arylimine 3, and prop-2-ynoate
ester 4. DFT calculations of the reaction of A with ester 4
provided mechanistic insights into the activation of the car-
bonyl. The high Lewis acidity of the AICI, unit and favorable
spatial arrangement of the AICl, and PCy, groups via the
phenylene linker enable efficient activation of carbonyl and
imine substrates. These findings highlight the potential of (2-
phosphinophenyl)aluminum dichloride complexes as effective
main-group FLP systems for small-molecule activation.

Supporting Information

Details of the instruments and methods, synthetic procedures,
characterization data, and DFT calculations are provided in the
Supporting Information.
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