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Cooperativity between the Li and Al centres is implicated in catalytic
hydroboration reactions of aldehydes and ketones with pinacolborane
via heteroleptic lithium diamidodihydridoaluminates. In addition to
implementing hydroalumination, these versatile heteroleptic ates can
also perform as amido bases as illustrated with an acidic triazole.

The application of main group complexes in homogeneous
catalysis is currently gaining momentum, driven by a quest to
supplement expensive and low abundant precious transition
metals by more earth abundant sustainable alternatives.
Aluminium is the most abundant metal in the earth’s crust
and has low toxicity. Its compounds have therefore been the
focus of an increasing number of studies and find application
in a range of chemical processes including as catalysts for
dehydrocoupling, hydrosilylation and hydroboration,'™ as well
as small molecule activation by frustrated Lewis pairs (FLP)*®
and trans-metal-trapping.”

Catalytic hydroboration of aldehydes and ketones has been
reported for several Al-based catalysts, such as I-IV (Fig. 1).5™!
Roesky reported one of the first Al hydride complexes stabilised
by a B-diketiminate ligand, I (Fig. 1) that is an active catalyst for
hydroboration of terminal alkynes and organic carbonyls.'
Notably, Cowley and Thomas utilised DIBAL-H, IV (Fig. 1),
and EtzAl'DABCO for alkyne hydroboration.™*

It is significant that to date most Al-based catalysts for such
hydroboration reactions involve neutral complexes. Given our inter-
est in bimetallic systems that can function synergistically under
stoichiometric regimes,’” and recent advances suggesting that
borates are crucial reaction intermediates in hydroboration,'*'*
we propose that aluminates would exhibit even greater reactivity.
In this contribution we introduce anionic complexes to this impor-
tant emerging area through a series of heteroleptic lithium
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Fig. 1 Selected reported aluminium hydride catalysts for hydroboration
reactions.

diamidodihydridoaluminate complexes with the bulky 1,1,1,3,3,3-
hexamethyldisilazide ligand [HMDS, (Me;Si),N ]. We show that
(i) the performance of the anionic [[HMDS),Al(H),]” moiety in
hydroboration reactions of aldehydes and ketones can be influenced
by the nature of Lewis donor solvation of the Li centre; (ii) an
intermediate from a stoichiometric reaction with benzaldehyde
retains both metal centres following hydride transfer; and (iii) while
HMDS acts as a stabilising spectator in the hydroboration reactions,
it can operate as a base with a suitably acidic aromatic substrate,
establishing the dual functionality of these ates.

Reaction of LiAlH, with two equivalents of HMDS(H) in THF
yielded the heteroleptic diamidodihydride (HMDS),AlH(u-H)Li(THF)s,
1, as colourless crystals in 61% yield. Fig. 2a shows the molecular,
contacted ion pair (CIP) structure of 1. A Cambridge Structural
Database search identified a similar compound, (HMDS),-
Al(u-H),Li(OEt,),, 2, prepared by Stalke.'> Complex 1 contains
one terminal hydride and one bridging hydride ligand between
the Al and Li centres, whereas both hydrides bridge in 2.
Towards obtaining a solvent-separated ion pair (SSIP) variant,
donor ligand exchange was performed on 2 with 12-crown-4,
PMDETA (N,N,N',N" N"-pentamethyldiethylenetriamine), TMEDA
(N,N,N’ ,N’-tetramethylethylenediamine) and Megs-TREN
(Scheme 1). The products (HMDS)Al(u-H),Li(L) (L = 12-
crown-4, 3), (HMDS),AlH(p-H)Li(L) (L = PMDETA, 4) and
[(HMDS),AIH,][Li(L)] [L = (TMEDA),, 5 or Me,-TREN, 6] are
obtained. Fig. 2 depicts the crystallographically-determined
structures of 1, 3 and 5, with those of 4 and 6 in the ESLi In
3 both hydrides bridge and 12-crown-4 binds to Li in a *
manner. 4 has only one bridging hydride, with the second
bonded solely to Al. TMEDA and Meg-TREN, generated SSIPs 5
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) 3 and (
except hydrides, and disordered THF in 1 and TMEDA in 5, and
co-crystallised toluene in 3 have been omitted. Thermal ellipsoids are
drawn at 40% probability.

Fig. 2 Molecular structures of (a) 1, ) 5. Hydrogen atoms

and 6 respectively. In 5 and 6 the hydrides reside on Al centres.
Li in 5 is in a distorted tetrahedral environment, while in 6 the
Mes-TREN chelates Li leaving one face of it open for contacts
between Li and H atoms on a HMDS on the neighbouring Al
centre [Li---H-CH, distance 2.41(1) A and 2.99(1) A]. Note
Okuda studied ligand effects on the rate of hydroboration
catalysis with [(L)Li][HBPh;], finding Mes-TREN to be superior
to other ligands tested.'® A sodium analogue of 1 made using
NaAlH, generated 7, (HMDS),AlH(u-H)Na(THF), (see ESI}). For
complexes 1 and 4-6 terminal Al-H bond lengths lie in the
range 1.54(2)-1.61(5) A, while the Al-uH range [1.57(2)-1.61(2) A]
is similar. Li-H bond lengths for 1 and 4 are 1.83(2) A and
1.81(2) A, respectively. These compare to those in 2 (Al-H
1.62(2)/1.55(2) A, Li-H 1.89(2)/1.97(2) A). In comparison, 3 has
longer Li-H bond lengths of, 2.13(2) A and 2.11(2) A.

In all cases, it was not possible to observe the hydride
signals in the '"H NMR spectrum. This is unsurprising since
both *’Al and “Li are quadrupolar nuclei. However, a "H{*’Al}
NMR experiment revealed a new, broad singlet at approxi-
mately 3.8 ppm in each case. Integrating to two, this signal
lies in the expected chemical shift range for an Al-H signal. In
crystalline 1 and 4 the hydrides are inequivalent, and so the
broad singlet in "H{*’Al} NMR indicates that the exchange of
the inequivalent hydrides is fast on the NMR time scale.

HMDS  HMDS
\ /

View Article Online

ChemComm

a)27°C b) 70 °C c)70°C
120 1o 100 %0 120 110

100 90 ppm

Fig.3 (aandb) 27Al NMR spectra of 3; a triplet resolves at 70 °C, S
173.6 Hz. (c) 2 Al{*H} NMR experiment shows the triplet has collapsed to a
singlet.

However, a variable temperature "H{*’Al} NMR experiment with
1 (—40 °C to 70 °C) did not give a sharp singlet, or the resolution
of two signals. In comparison, the '"H NMR chemical shifts for
the hydride signals in LiAlH;-Mes-TREN appear as a broad
singlet at 3.86 ppm."” A high temperature >’Al NMR experiment
on 3 shows that as the temperature is increased the signal becomes
sharper, and at 70 °C a triplet is resolved (‘Ja, 173.6 Hz) (Fig. 3).
This is consistent with reported Jy couplings (e.g, for
[AIH,(NEt,),]~, 175 Hz)."® Despite the SSIP structures in solid 5
and 6, DOSY NMR studies for 1-6 indicate that all species are CIP
in CeDg solution (see ESI%). Thus, the level of solvation on the Li
centre appears to play a key role in the resulting catalytic perfor-
mance (see below).

Several examples exist of Al hydrides that can act as catalysts
for hydroboration of carbonyls." Encouraged by these studies
we screened 1 for catalytic activity. Benzaldehyde, pinacolbor-
ane (HBpin), and a catalytic loading of 1 (1 mol%) in C¢Dg were
placed in a J. Young’s NMR tube and the 'H and "'B NMR
spectra were monitored over time. After 2 h, 81% of the
hydroborated product was obtained. (Table 1; entry a). The
substrate scope includes a range of functional groups (Table 1;
a-g). Notably, halides are compatible with this system;
4-bromobenzaldehyde was cleanly converted to the borate ester
in 82% yield in 2 h. The o,B-unsaturated cinnamaldehyde was
selectively hydroborated at the carbonyl group in 76% yield.
The bulky mesitaldehyde required heating to 70 °C for 8 h to
obtain 52% yield, with no further conversion observed over
16 h. In comparison to 1, Nembenna used 0.5-1 mol% of II
(Fig. 1) to achieve good to excellent yields at room temperature
in 0.33 h with a range of aldehydes.’

LiAIH, +2 HMDS(H) THF  HMDS._ Tlil':I'HF 2 equiv. benzaldehyde " O’Al\o HH L= 12-crown-4, PMDETA,
i + B AI\ Ll - % N _
‘ HMDS™ “H”™ “THF hexane e < TMEDA, Mes-TREN
1 Ph N Ph g
ELO THF THF
LBt /ﬁ \ v, 5\ p |
.0 —N HMDS_ H 'N_ N H NS
HMDS. _H. OFt i HMDS. _H< / Ho | N— NG NS \
ALl n equiv. L Sai Ll / N Y Lil He Li-N
Al /LI\ —_— AI 1< - HMDS\Al _Li HMDS SN N Al\ |\ g
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Scheme 1 Synthesis of heteroleptic lithium diamidodihydridoaluminates complexes 1-6, and of bis-benzyloxide complex, (HMDS)Al(n-

OCHPh),Li(THF),, 8.
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Table1l Catalytic hydroboration of aldehydes and ketones using 1 in C¢Dg

R (o) e}
o) ST
Q + \B—H 1 mol% cat X E\’
)J\ / CeDg RH 0
R R' (o)
R = alkyl, aryl R' = alkyl, aryl, H
Aldehydes
0 o) 0 (o)
a) b) c) d)
Br OMe
81% 82% 89% 52%l1
2h 1h 0.5h 8h
) i f) i ) i
€ 9
N
H ° H H
\
76% 91% 86%
2h 0.5h 0.25h
Ketones
h) o i) o ) 0 K o
CFs ©/Z<
N
90% 80% 43%!'] 85%
0.25h 4h 12h 4h
1) 0 m O n 9
N
X
Q)U é
99% 98% 91%
0.5h 0.5h 2h

Catalysis performed in Cg¢Ds, at room temperature, 1 mol% pre-catalyst.
"H NMR yields relative to internal standard hexamethylcyclotrisiloxane.
[¥] heated to 70 °C.

Hydroboration of ketones was examined next, using 1 mol%
of 1 in C¢Dg at room temperature. Reaction times were gen-
erally found to be longer than with aldehydes. Again, a range of
different functionalities were tolerated (Table 1; h-n). Hetero-
aromatics are compatible: 2-benzoylpyridine is hydroborated
cleanly at the carbonyl. As with mesitaldehyde, bulky 2,4,6-
trimethyl acetophenone required heating at 70 °C. Deprotona-
tion of the acidic (C=0)Me group could possibly be interfering
in this case, though NMR data did not show any significant
amounts of the corresponding Bpin enolate. Alkyl ketones are
also tolerated with cyclohexanone requiring 2 h to reach 91%
yield. These results are in keeping with those with other Al
catalysts: for example, Nembenna used 2 mol% of 1I (Fig. 1) to
hydroborate a range of ketones in high yields in 3-4 h,” while
Roesky used 2 mol% of I for hydroboration of acetophenone
(51% in 6 h).® 1 achieves 80% yield in 4 h with acetophenone.

The stoichiometric reaction of 1 with two equivalents of
benzaldehyde yielded crystals of hydrometallated product 8,
(HMDS),Al()-OCH,Ph),Li(THF), (Scheme 1 and Fig. 4). Roesky
used DFT calculations to propose that the rate determining step
of carbonyl hydroboration by Al catalyst, I, is hydroalumination
to give a benzyloxide product.® 8, as the hydrometallated
product, is in keeping with this postulate, though here the
substrate initially binds to Li not Al. Significantly, applying 8
in a catalytic quantity (1 mol%) for hydroboration of

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Molecular structure of 8, disordered THF ligands and hydrogen
atoms (except benzyloxide CH,) omitted for clarity. Thermal ellipsoids
drawn at 40% probability.

benzaldehyde with HBpin generates the desired product in
80% yield after 2 h. This result is akin to that using catalytic
1, proving that 8 is catalytically competent. The catalysis with
Na analogue 7 was found to be less efficient than 1, suggesting
a possible alkali metal effect. LIAIH, was also tested for catalytic
activity using solid LiAlH, in 10 mol% (for ease of weighing
owing to its lower molecular weight), and for comparison the
catalysis with 1 was repeated using 10 mol% (0.05 mmol). It was
found the catalysis with 10 mol% of 1 reached 81% within
0.25 h before the reaction plateaued out, whereas using cataly-
tic LiAlH, gave 94% within 0.25 h. While this result is slightly
better, unlike LiAlH,4, 1 hydrolyses slowly, is easily employed in
known lower catalyst loadings, and has a well-defined molecu-
lar structure that provides insights into the tandem hydroalu-
mination process (e.g. via 8). Surprisingly, LiAlH, has only been
used catalytically in a few instances including the hydrosilyla-
tion of olefins and dehydrocoupling of amine boranes."*>?

Next, the Lewis donor effect on the catalysis was probed
using acetophenone as substrate. Table 2 shows a perceptible
trend in catalysis efficiency. For example, 1, bearing three labile
THF ligands outperforms 4, containing the non-labile chelating
PMDETA ligand. This fact may be due to the ease of displace-
ment of THF compared with one arm of the PMDETA ligand,
which would inhibit access of substrate to the active metal
centre(s) in a catalytic regime. Expanding upon this idea we
repeated hydroboration of acetophenone with 1 and 4 in bulk
THF-dg, rationalising that catalysis would proceed in similar
rates, since excess THF replaces the PMDETA ligand from 4. In
each case the NMR yield after 4 h is ca. 95%, giving credence to
the dramatic solvent effects displayed in these systems in C¢De.
These data imply the catalysts operate through bimetallic
cooperation with the hydride transfer emanating from Al, but
the initial substrate coordination occurring at Li, the rate of
which depends on the relative lability of the donor ligands. This
idea is supported by the structure of 8 where the reduced
substrate bridges both Al and Li centres.

Hydroboration relies on 1 donating a hydride to the carbonyl
substrate, however we envisaged other reactivity modes may be
available to it. Roesky demonstrated hydroboration of terminal
alkynes with HBpin to yield boronate esters with deprotonation
a pivotal step.’ In that case hydride was the base, but we pondered

Chem. Commun., 2018, 54, 1233-1236 | 1235
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Table 2 Effect on rate of hydroboration of acetophenone by changing
the catalyst

Pre-catalyst X-ray structure DOSY structure % yield at 4 h

1 CIP CIP 80
2 CIP CIP 60
3 CIP CIP 50
4 CIP CIP 29
5 SSIP CIP 55
6 SSIP CIP 15
7 CIP CIP 57
1¢ CIP CIP 81>
LiAlH,* — — 94°
1¢ CIP CIP 954
1° CIP CIP 994

Reactions performed in C¢Ds, room temperature, 1 mol% of pre-
catalyst, all yields relative to internal standard hexamethylcyclotrisilox-
ane. “ 10 mol% pre-catalyst. ” Yield obtained within 0.25 h. ¢ Catalysis
performed in dg-THF, 1 mol% pre-catalyst, room temperature (see ESI)
¢ Yield obtained within 2 h.

Fig. 5 Asymmetric unit of polymeric structure of 9 with triazole ring
atoms labelled. Hydrogen atoms (except hydride and C3-H) and dis-
ordered THF molecules have been omitted for clarity. Thermal ellipsoids
are drawn at 40% probability.

whether 1 could also exhibit amido basicity. Preliminary investiga-
tions with 1-methyl-1,2,4-triazole gave (HMDS)AIH(uH)[C;H,N;}
Li(THF) 9 (yield, 55%) in which the triazole has been aluminated
at C5 (Fig. 5). Here one HMDS ligand acts as an internal base.

Conforming to the cooperativity between the two metals, the
Li also remains within 9, coordinated to N4 on the triazole ring.
Crystalline 9 exists as a one-dimensional polymeric chain
propagating via Li-N2 bonds between asymmetric units (see
ESI}). Metallation of triazoles typically requires careful control
of reaction conditions, with the metallated intermediates frag-
menting at ambient temperature,>* > so it is significant this
reaction occurred at room temperature.

In conclusion, this first application of anionic aluminates
for hydroboration of aldehydes and ketones establishes that

1236 | Chem. Commun., 2018, 54, 12331236

View Article Online

ChemComm

coordination of lithium plays a part though hydride transfer
occurs from aluminium, signifying a bimetallic process.
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