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 Visible-Light Activation of Diorganyl Bis(pyridylimino) Isoindolide
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“%, Aluminum(III) Complexes and Their Organometallic Radical

Jonas O. Wenzel, Johannes Werner, Alexander Allgaier, Joris van Slageren, Israel Ferndndez,

Andreas-Neil Unterreiner,* and Frank Breher*

Abstract: We report on the synthesis and character-
ization of a series of (mostly) air-stable diorganyl
bis(pyridylimino) isoindolide (BPI) aluminum com-
plexes and their chemistry upon visible-light excitation.
The redox non-innocent BPI pincer ligand allows for
efficient charge transfer homolytic processes of the title
compounds. This makes them a universal platform for
the generation of carbon-centered radicals. The photo-
induced homolytic cleavage of the AI-C bonds was
investigated by means of stationary and transient UV/
Vis spectroscopy, spin trapping experiments, as well as
EPR and NMR spectroscopy. The experimental findings
were supported by quantum chemical calculations.
Reactivity studies enabled the utilization of the alumi-
num complexes as reactants in tin-free Giese-type
reactions and carbonyl alkylations under ambient con-
ditions, which both indicated radical-polar crossover
behavior. A deeper understanding of the physical
fundamentals and photochemical process was provided,
furnishing in turn a new strategy to control the reactivity
of bench-stable aluminum organometallics. )
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Introduction

Aluminum, of which 69 megatons are mined annually,"! is
the third most common element (8 %) and therefore the
most abundant metal in the earth’s crust.”) This makes
aluminum the preferred choice when metal-induced reac-
tivity is demanded. Substituting transition metals by alumi-
num in various applications is highly desirable and addresses
the principles of Green Chemistry.”! Unfortunately, many
reactivity modes known from d-block chemistry are not
accessible for aluminum due to its non-precious character.
Consequently, a recent goal of synthetic chemists is to mimic
transition metal-like reactivity with aluminum, taking a
glance at future applications in catalysis.*! While Lewis acid
catalysis with aluminum is a historical field of chemistry,
redox-mediated catalyses are scarce due to the energetic
gradient between sub- and high-valent oxidation states.”!
The vivid field of Main Group redox chemistry in general,”*
and subvalent aluminum chemistry in particular, clearly
reflects the interest in approaching aluminum redox cycles
in the future.”*" This is likewise illustrated by modern
photo-"¥ or electrochemical approaches.™

One hotly debated reaction type in transition metal
chemistry is the homolytic generation of radicals by ligand-
to-metal (LMCT) or ligand-to-ligand charge transfer
(LLCT)," to achieve, for instance, C—H activation reactions
or radical-polar crossover reactivity (Scheme 1a).'"! CT
homolysis represents also a promising reaction type for p-
block compounds, especially for heavy representatives like
tin!'¥ or bismuth."™ For compounds of lighter elements, such
photoreductive processes usually require harsh UV irradi-
ation due to energetically high-lying acceptor orbitals and
high energetics of subvalent metal species.”” This can be
overcome by the coordination of redox non-innocent-ligands
(NILs),*?"! introducing low-lying acceptor orbitals, thus
providing access to LLCT processes. Well-known are
homolyses of element-carbon bonds within porphyrinoid
complexes, especially of Group 14 elements,” or NIL-
containing boron compounds,® like the recent dipyrrome-
thene complexes described by Page and co-workers
(Scheme 1b).

Bond homolyses of organoaluminum reagents (AIRj)
require the use of UV irradiation yielding mostly complex
mixtures of hydrocarbons and aluminum metal.™ Kaim
showed thermally or light-induced radical formation from
highly sensitive Lewis-acid/base adducts of aluminum orga-
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Scheme 1. a) Schematic representation of charge transfer (CT) induced
homolysis of M—R bonds especially found in transition metal
chemistry. b) Examples for CT homolyses in main group complexes. c)
Schematic overview of the targeted CT homolysis in this work.

nometallics and NILs like pyrazine or bipyridine.” Also
with some redox-active pincer ligands such as bis(imino)
pyridine (BIP), the highly nucleophilic AIR; compounds
already react thermally.””*! Instead, aluminum porphyrins
represent stable precursors which show photoreactivity
upon irradiation, opening up  applications  as
photoinitiators.?>¥ Still, reports of controlled photoreduc-
tions in aluminum complexes are scarce, and therefore we
were interested in the parameters necessary for CT homo-
lytic processes. We were seeking for a photoactive system,
which is highly stable, yet retaining as much as possible of
the aluminum organometallic character to enable a broad
investigation by multiple methods. Pincer ligands allow
more structural variability on the metal atom than porphyr-
inoids while still benefiting from the chelate effect and
potential for redox-activity.”!! We became interested in the
tridentate, monoanionic bis(pyridylimino) isoindolide (BPI)
ligand, which mimics porphyrinoids in terms of donating
atoms and redox-activity.®? Transition metal complexes of
BPI ligands were already applied in asymmetric homoge-
neous catalysis™ or artificial photosynthesis,” and our
group recently investigated the n accepting properties of
BPI ligands.™™ Two BPI aluminum complexes were reported
by Reddy®! and Bender,”! but they were not investigated in
view of synthetic photochemistry.

We herein report on the synthesis, characterization, and
visible-light chemistry of novel BPI aluminum complexes as
well as detailed insights into the physical fundamentals of
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radical formation in aluminum complexes and their nature
of reactivity (Scheme 1c).

Results and Discussion
UV/Vis Spectroscopy

We started our investigation by reproducing the synthesis of
1-AlMe, reported by Reddy from bis(pyridylimino) isoindo-
line (1-H) and AlMe; and applied this strategy also for the
better soluble ligand systems 2-H (two additional methyl
groups) and 3-H (two additional methyl and mesityl groups,
Scheme 1c). BPI compounds mostly show an intense yellow
color, which predominantly arises from n—n* transitions in
the UV region up to ~400 nm.P®! Interestingly, 1-AlMe,
shows a red-shifted absorption spectrum (Figure 1) due to
the electron-withdrawing effect of the Lewis-acidic alumi-
num fragment and severe contribution of the nucleophilic
Al-C bonds to energetically low-lying transitions by hyper-
conjugation with the ligands n-system. For the substituted
ligands 2 and 3 (Scheme 1), the same trends were observed,
but in general, the increasing substitution of the ligand leads
to further red shifting of all absorptions (see Section 7 of the
Supporting Information).

The UV/Vis spectrum of 1-AlMe,, calculated by time-
dependent density functional theory (TD-DFT) methods
using the range-separated hybrid functional cam-B3LYP,
nicely reproduces the experimental spectrum (Figure 2a).
The first electronic excitation (452 nm) shows strong charge
transfer (CT) contribution, which reorganizes electron
density from Al-C bonds into n* orbitals of BPI, as
visualized in the difference density plot (Figure 2b). Accord-
ing to computations, this ligand-to-ligand charge transfer
(LLCT) contributes also to some of the higher energetic
absorptions, but the first absorption at ~22,500 cm ™" shows
the largest charge transfer character. A comparison of
experimental and calculated spectra illustrates that, along-
side purely electronic transitions, a pronounced vibrational
progression is present in 1-AlMe, with wavenumbers

wavelength / nm

222 250 286 333 400 500 667
——1-AlMe,
1.25
---1H

0.25 4

0 T T T T T 1
45000 40000 35000 30000 25000 20000 15000
wavenumber / cm’

Figure 1. UV/Vis spectra of 1-H and 1-AlMe, in n-hexane (1 mmol/L)
showing normalized optical densities (OD).
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b) Difference density plot (left) and optimized S, structure (right)
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Figure 2. a) Experimental UV/Vis spectrum of 1-AlMe, (blue dotted)
and the spectrum computed on the cam-B3LYP/def2-TZVPD/D4 level
of theory (black, applied gaussian linewidth of 1000 cm™', absolute
energy corrected by 5850 cm™' (0.73 eV) with respect to the experi-
ment). b) Left: Obtained difference density plot of first excitation of 1-
AlMe, (blue: decreasing; yellow: increasing; isovalue 0.003). Right:
Side-view on S;™" structure of 1-AlMe, optimized on the cam-B3LYP/
def2-TZVPD/D4 level of theory.

between 1400 cm ™' and 1500 cm ™. In line with the literature
and performed DFT calculations, these frequencies are
characteristic of the BPI skeletal vibrations.’”’ A possible
optimized structure in the gas phase of the first electronic
excited state of 1-AlMe, was located at the TD-DFT level
(Figure 2b). Interestingly, one of the two AI-C bonds is
already strongly elongated from 1.994 A in the ground state
t0 2.429 A in the S, state. This suggests a feasible and almost
barrierless homolytic Al-C bond cleavage from the S, state.
Furthermore, the former double bonds in the BPI ligand of
1-AlMe, are systematically elongated by ~30pm upon
electronic excitation, while former single bonds are likewise
shortened. Such bond length alterations were shown to be
the consequence of the increased electron density in the
ligand scaffold as the antibonding n* orbitals get
populated.™

Initial Photoreactivity

Irradiation of 1-AlMe, in C,Ds with 450 nm LEDs
(500 mW) indeed led to an intense dark color of the
solution. The absorption band around 450 nm, which
witnesses the presence of hyperconjugated Al-C bonds,
decreased within several seconds (Figure 3). In benzene,
increasing absorbance at around 350 nm and an isosbestic
point at 377 nm indicated the formation of photoproducts
that seemed likewise to be photodegraded over time albeit
much slower (gray dotted line in Figure 3). 'H NMR
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Figure 3. Series of stationary UV/Vis spectra of 1-AlMe, in C;H, after
different times of irradiation with a 450 nm LED (500 mW).

spectroscopic investigations revealed the complete vanishing
of the starting material and an unidentified mixture of
various photoproducts. We note in passing that the dark
color was likewise observed when solutions were stored
under ambient sunlight, but the darkening was much slower
due to the low intensity of ambient light compared to LEDs.

When the irradiated mixtures of 1-AlMe, were exposed
to ambient air, the dark color vanished and turned back to
yellow indicating the formation of highly air-sensitive
compounds during the photoreaction. Refluxing 1-AlMe, in
toluene overnight confirmed both its thermal stability and
the photochemical nature of the described phenomena.
When the photoreaction was repeated in the presence of
TEMPO, the formation of Me-TEMPO and one new BPI
species, putatively 1-Al(tempo),, was observed (Scheme 2).
Spin trapping with 5,5-dimethyl-pyrroline N-oxide (DMPO)
and the sterically more demanding 3-AlMe, gave the
corresponding Me-substituted nitroxide radical of DMPO as
detected by cw-EPR spectroscopy, which witnesses the
occurrence of methyl radicals (Scheme 2).

We suggest that unselective ligand alkylation is the main
reaction pathway that usually defines the fate of the formed
radicals. Alkylation of non-innocent ligands (NILs) by
aluminum organometallics is often already proceeding with-
out the need for light”?%! In our case, however, the
combination of the electron-rich Al-C bond with the n-
accepting properties of the BPI ligand seems to draw a fine
line between avoided thermal and accessible photo-activated
reactivity. Incidentally, we found that irradiation of 2-AlMe,
for ten minutes as suspension in dimethyl sulfoxide (DMSO)
leads predominantly to the methylation of the quaternary
carbon atom of the phthaloyl-backbone (Scheme 2). This
reaction gave the photoproduct 2V*-AlMe clean enough to
enable characterization from the crude mixture by NMR
spectroscopy thus supporting our proposal of ligand alkyla-
tion (thermodynamic and kinetic details obtained by DFT
can be found in Section 11 of the Supporting Information).

cw-X-Band EPR Spectroscopy

After 1s irradiation (4,,,=450nm) of EPR-silent 1-AlMe,
in toluene solution within the EPR resonator at ambient
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Scheme 2. Radical trapping with tetramethylpiperidine N-oxide (TEM-
PO) and spin trapping with 5,5-dimethyl-pyrroline N-oxide (DMPO) of
the methyl radical formed by homolysis of 1-AlMe, or 3-AlMe,. a)

5.00 equiv. TEMPO, C¢Dg, unstirred, 450 nm, r.t., overnight. b)

10.0 equiv. DMPO, C¢Dy, 450 nm, r.t., 4 h.

temperatures under argon, a weak EPR signal was observed.
Upon further irradiation, the signal intensity first increased
before reaching a stable value. The signal is stable on a
timescale of minutes. The spectrum shown in Figure 4 is
centered around a g value of 2.0033 and shows a clear
splitting into multiple lines, where the central line is more
intense than the remaining four.

Such a spectrum is not compatible with a single species
scenario. Therefore, we suggest the presence of at least two
or more paramagnetic transient species, where the first
species gives rise to an unresolved single-line EPR spectrum

—— Experimental
—— Simulation

) -+ Sim species 1
| - ---- Sim species 2

Intensity / norm.

332 334 336 338 340
Magnetic Field / mT
Figure 4. X-band cw-EPR spectra of 1-AlMe, in toluene (107 M)
recorded after 8 s irradiation (450 nm). g;,,=2.0033, 9.415 GHz,
Modulation amplitude 5.00 G, 40 ms conversion time, 5 mW micro-
wave power, 2 scans. The simulation features two species that coexist
in the solution.
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and the second features hyperfine splitting. We attribute the
single-line spectrum to a ligand-based radical without
significant contribution of the aluminum atom to the singly
occupied molecular orbital (SOMO). This assignment is
corroborated by the recently published EPR spectrum of the
radical dianion of the methyl-substituted BPI ligand (2-
K,)" featuring only small hyperfine couplings, which would
not be resolved on account of the line width. A possible
species is 1-AlMe* formed as escape product after homolytic
Al-Me bond splitting, where the corresponding *CH; radical
is likely trapped by the used solvent or another BPI species.
This is supported by theoretical calculations at the PBEO/
IGLO-III level on 1-AlMe* (Table S9, Figure S179) that
show delocalized spin density on the BPI ligand leading to
small hyperfine coupling constants (~2 MHz) and very little
spin density on the aluminum atom. Using the calculated Afc
and minimal Lorentzian broadening, the single central line
in the experimental spectrum is perfectly reproduced (Fig-
ure 4, Sim species 1).

The second species possesses much larger hyperfine
splittings, which different scenarios could account for. One
would be a species with substantial spin density on the
aluminum atom (/=5/2, 100 % natural abundance), giving
rise to a 1:1:1:1:1:1 sextet. In that case, the hfc of
27.8 MHz extracted from simulations seems reasonable for a
ligand-centered radical with some spin density on aluminum
like in carbene-stabilized aluminum radicals."”! A large spin
density on aluminum would give much larger Afc as it was
reported for [AlH;]*~ with high o character (A=
432 MHz),™ or reduced dialanes as examples with high
character of the SOMO (A =174 MHz).'"""*! Alternatively, a
quintet spectrum could be due to coupling of the electron
spin to two equivalent /=1 "N nuclear spins, leading to a
quintet with 1:2:3:2:1 intensity ratios. Such a species could
be the result of a more localized spin density on the
coordinating nitrogen atoms in the BPI ligand. The
relatively strong Afc (A =31 MHz) may be due to substantial
o character of the SOMO in the transient species and falls
within the range reported for aluminum compounds in
literature.”? We could not reproduce the coupling strength
by calculations, because the exact structure of the photo-
product is unknown, making simulation challenging as
recently discussed for aluminum radicals." The simulation
shown in Figure 4 (red line) is the best obtained fit and
consists of the computed species 1-AlMe* and a species with
two couplings to nitrogen (Figure 4, Sim species 2, for details
see Section 8 of Supporting Information). Our findings
support the occurrence of single-electron processes and BPI
radicals as transient species.

Transient UV/Vis Spectroscopy

We further investigated 1-AlMe, as well as the ligand 1-H as
reference system by transient UV/Vis laser spectroscopy on
the femtosecond (fs) to nanosecond (ns) time scale to gain
more insight into the elementary steps of the Al-C bond
cleavage. Accordingly, 1-AlMe, was excited with 400 nm
(see Figure S123) and 340 nm fs laser pulses. Both transient
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spectra are characterized by a rise of a broad absorption
band with a positive value of the pump-induced optical
density difference (AmOD) as exemplarily shown in Fig-
ure 5. This band extends from about 450 to 580 nm with a
tail towards longer wavelengths and emerged within about
500 fs. The cut-off below 450 nm is due to a pronounced
ground state absorption of 1-AlMe,. As a result, no light
reached the detector and therefore no ground-state-bleach-
ing was observable.

The broad absorption in the transient spectrum is due to
excited state absorption (ESA). In principle, an additional
small contribution to this ESA band may arise from
stimulated emission (SE), which would manifest itself as a
negative contribution to the ESA band. The contribution of
SE is only indirectly observable in the transient traces, but
clearly visible in stationary fluorescence spectra (Fig-
ure S121). The overall weak SE is consistent with the very
low fluorescence quantum yield of 1-AlMe, (®=3.9°10"*).
In the transient spectra, the ESA rises within the time
resolution of the title experiment (100 fs) indicating ultrafast
vibrational motion in the excited state. A possible explan-
ation is the vertical excitation of 1-AlMe, into a vibrationally
hot singlet excited Franck—Condon state, followed by fast
structural reorganization. Such reorganization can occur in
the sub-picosecond (ps) regime,*’ opening a pathway to
photodegradation, which has been postulated to be unlikely
for highly fluorescent complexes with an AlMe, moiety.*!
Furthermore, this is consistent with the strong vibrational
progression observed in stationary UV/Vis spectroscopy and
the structurally distorted S;™" geometry found by TD-DFT
computations (vide supra). The fact that the transient
absorption spectra obtained by excitation with 340 nm (S, <
Syp) and 400 nm (S; < S,) laser pulses are nearly identical
indicates ultrafast internal conversion between excited
singlet states, faster than the time resolution of our setup.
This is followed by the discussed structural relaxation to the
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S,™ state. The ligand 1-H also showed the fast development
of an ESA band superimposed by a weak SE band within
several hundred fs but its intensity decreased almost
completely within 50 ps (Figure S122). The fluorescence
quantum yield for 1-H is also low (®=6.7-10"%), thus
suggesting an ultrafast internal conversion likely through a
conical intersection as main decay channel. 1-AlMe, instead,
showed a much slower ground state recovery, as evidenced
by the persistence of the absorption even after ~1ns
(Figure 5).

To obtain more information about the underlying
channels of the decaying ESA band, a global analysis of the
main feature between 450 and 580 nm was performed (see
Section5 of the Supporting Information). Three time
constants are necessary for an adequate fit. This suggests at
least three different processes by which the S,™" state is
depopulated. The first time constant z; was in the order of
1 ps. It was assumed to belong to non-radiative S, «— S,
internal conversion since an equally fast process was
observed for photostable 1-H (Figure S122). The time
constants 7, and 7; were determined to be around 30 ps and
greater than 100 ps, respectively, and do not have an
equivalent counterpart in 1-H indicating excited state
channel branching. We hypothesize that at least one of these
two time constants is part of the photoactive channel. Also,
intersystem crossing (ISC) to the triplet surface—as theoret-
ically predicted for the free isoindoline™ and various
hydroxyquinolinato®  or  phthalocyanine  aluminum
complexes*l—should be taken into account. We further
processed the spectra by applying global fits and calculated
the decay-associated difference spectra as well as wave-
length-dependent relative amplitude ratios to estimate the
relative probability with which each channel is populated.
Accordingly, A;™ as well as A;™ varied between 35% and
45% and A, between 20% and 25% (Table S6, Fig-
ure S127).

b) Elev
3.1 2.5 2.1 1.8
4 i . i . i . i

t/ps
. —-2.72
ML A Al —0.10
3 [ W (.20
4 | 0,50
J’f%vw >1ps 1.00
- W\ 2.18

5.18
10.18
21.98
51.98
~==101.98
= 206.98

AmOD

T T T T T T T

Al nm

Figure 5. a) Bottom: contour diagram (A,,=340 nm, E,,=0.62 pJ, OD;,,=0.87), top: stationary absorption (before and after transient
measurement) and emission spectrum of 1-AlMe,. b) Transient absorption spectra of 1-AlMe, obtained from profiles of the contour diagram at

different delay times.
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This indicates that the probability of 1-AlMe, to follow
the photoactive channel after excitation to the S; state is
high (at least 20 %), which is consistent with the extremely
fast homolysis observed experimentally. In summary, we
conclude that irradiation of 1-AlMe, with varied wave-
lengths ends up in the S;™" state from which it can either
relax radiationless back into the ground state or undergo
photoreaction. Together with all previous findings, this leads
us to finally postulate that the poor fluorescence of 1-AlMe,
is the consequence of a very efficient and fast transformation
of light into a dissociative vibrational mode, which leads
partly to a critical cleavage of the Al-C bond to give the
methyl radical and the “masked” Al(II) radical 1-AlMe".

Synthesis

After our initial results supported the homolytic LLCT of
BPI aluminum complexes, we became interested in the
general applicability of the generation of different carbon-
centered radicals. The corresponding phenyl-substituted
complexes 1-AlPh,, 2-AlPh, and 3-AlPh, were synthesized
by deprotonating the free ligands with easily accessible
AlPh;-Et,0. For the further scope of organic substituents,
ligand 2 was mainly used as it usually shows better solubility
than 1, comprises a suitable 'H NMR probe due to the
methyl moiety, and still easy synthetic accessibility. The
complexes 2-AlEt,, 2-AliBu,, 2-Al/Bu,, 2-AlMeCl, 2-AICl,
were synthesized following the same deprotonation strategy

a) Synthesis of bis(pyridylimino) isoindolide aluminum complexes
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by using AlEt;, iBu,AIH (DIBAL), AlfBus;, Me,AlCl, and
EtAICl,, respectively. Except for AlrBus, all reagents were
commercially purchased and used as received making the
corresponding aluminum complexes readily accessible in
two steps from purchasable starting materials. To also
investigate a non-aromatic sp>-hybridized and a sp-hybri-
dized carbon moiety, 2-Al(CH=CH,), and 2-Al(C=C-TMS),
were synthesized from 2-AlCl, by salt metathesis (Fig-
ure 6a). All BPI aluminum complexes can be easily purified
by recrystallization and mostly boiling toluene is recom-
mended as the solvent of choice. Subsequently, all synthe-
sized complexes were investigated by single-crystal X-ray
diffraction (SC-XRD). Paralleling the two reported solid-
state structures of 1-AlMe, and 1-AICl, by Reddy,” the
obtained crystal structures feature trigonal-bipyramidal
coordination of the aluminum atoms (Figure 6b). All
structures reveal Al-C bond lengths of ~200 pm independ-
ent of the type of carbon substituent. 2-AlfBu, is the only
compound that was found to deviate from the mentioned
structural characteristics, as one of the pyridine donors does
not coordinate to the sterically strongly shielded aluminum
atom leading to tetrahedral coordination of the latter.

We ascertained surprising stability in air for most of the
complexes. For instance, 2-AlMe, was stored as solid under
ambient air for several months without any degradation. We
even observed astonishing stability in solution with only
slight decomposition if large amounts of moisture were
present as in non-dried THF or acetone. Treating solutions
of 1-AlMe, with one atmosphere of pure oxygen did not

R? AR; R2 ZMgBr
— or —
— \—R® or — \R® o
NN/ HAIR, NE N EtAICI, N:Z\/) Li—=—SiMe; N)\/)
;N ;N /N ;N
©:<<N~A'|R2 % ©:<<NH %' N-AICl, %» N-AIR,
) ¢ )
N N= R-H or H, NN EtH N N= LiCl or NN
QRS @RS W MgBrCl \
P P 2-AICI, 2-AIR,
R R (89%)
1-AIR, : R = Me, Ph (94%) 1H:RZ=R3=H R= ,g/ (20%)
2-AIR; : R = Me (97%), Et (84%), iBu (28%), 2-H:R%=Me, R3= H =
tBu (59%), Ph (89%) 3-H:R2=Me, R® = Mes -§%SiMeg (49%)

3-AIR; : R = Me (93%), Ph (84%)

b) Solid-state structures of bis(pyridylimino) isoindolide aluminum complexes

2-AltBu,

Cc4

Figure 6. a) Synthesis of varied bis (pyridylimino) isoindolide aluminum complexes. b) Molecular structures of selected BPI aluminum complexes
(see also Supporting Information). Hydrogen atoms and crystal lattice solvent molecules were omitted for clarity. Thermal ellipsoids are given at
the 30% probability level. Selected bond lengths [pm] and angles [°]: 1-AlIPh,: AIT—-N3 191.30(14), Al1=—C4 200.00(17), C2—N2 128.8(2); N3—-Al1-C4
117.78(7), N3—AI1—N1 87.49(6). 2-AltBu,: AII—N3 190.06(11), Al1—C4 199.74(14), C2—N2 129.76(16); N3—Al1—C4 111.18(6), N3—AIT-N1 91.44(5).
3-AlMe,: AlI—N3 191.97(18), Al1—C4 198.4(2), C2—N2 130.2(2); N3—Al1—C4 116.18(9), N3—Al1—N1 87.00 (7).
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show any reaction. Although experiments with 2-AlMe, are
easily performed under non-Schlenk conditions, we recom-
mend using fresh batches of solvents or molecular sieves to
minimize humidity.

Furthermore, the air stability clearly correlates with the
hybridization at the carbon atom. While sp>-hybridized and
aromatic derivatives showed only little sensitivity, 2-Al-
(CH=CH,), decomposes in the solid state in air within
several days. The sp-hybridized compound 2-Al(C=C-
TMS), reacts immediately with air on a time scale of
minutes. We therefore conclude that BPI as a palindromic
NNN pincer ligand stabilizes the aluminum organometallics
by fully saturating their coordination sphere. Therefore, the
Lewis-acidity on aluminum is quenched, which appears to
diminish hydrolysis rates.

The conversion of 2-AlR, during irradiation with a
450 nm LED was monitored by 'H NMR spectroscopy
(Figure 7). The photolysis of the compounds with sp’-
hybridized substituents seems to follow first-order kinetics
with full conversion within a maximum of five minutes (the
only exception is 2-AlfBu,, most likely due to its distinct
molecular structure). The sp>-hybridized vinyl moiety causes
a much slower photolysis of the aluminum complex,
requiring around 30 minutes for full consumption of the
starting material. The phenyl substituent leads to an even
slower photolysis, while 2-Al(C=C-TMS), appears to be
almost photostable with only 10 % conversion after 16 hours
of irradiation. As a result, the tendency of Al-C bond
homolysis contrasts the observed trends for air sensitivity
concerning the nature of carbon substituent.

-§—=—siMe,

7
sp? sp? sp
2-AIR,
fast homolysis slow homolysis
slow hydrolysis wmmmm)  fast hydrolysis
100 < " *
<
§ *
*
80+ x
<
o * * * Me
| - < Et
~ 604 * N
= Bu
K] L Bu
2] ® Ph
[ * * * Vin
g Ne X CC-TMS
o * Cl
* %
20 ® %
* ]
* . P L4
x x x
0 : . : : : :
0 5 10 15 20 25 30
time / min

Figure 7. Conversion of 2-AlIR; after different times of irradiation with
450 nm LEDs (500 mW) at ambient temperature within unstirred
CD,Cl, solution determined by '"H NMR spectroscopy.
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The more polarized bonds of aluminum to, e.g., sp-
hybridized carbon scaffolds are expected to show higher
bond enthalpies in part due to a larger contribution of
Coulomb interaction. This results in a less feasible homolytic
bond cleavage but higher reactivity in ionic reactions like
hydrolysis. To check this hypothesis, we quantitatively
analyzed the bonding situation of model complexes 1-AIR,
having sp’-methyl, sp’-vinyl and sp-C=C-SiH; substituents
with the help of the Energy Decomposition Analysis (EDA)
method.” The data compiled in Table 1 indicate that the
interaction between the radicals [AIR]" and R° becomes
stronger and stronger when going from sp® to sp? and to sp
substituents, in agreement with the previously discussed
trend in Al-C bond homolysis tendency. The trend in the
AE;, term is correlated with the computed Al-C Wiberg
Bond Indices (WBIs), which increases from C,; to Cg,. Not
surprisingly, the major contribution to the bonding between
the [AIR]' and R® fragments results from the orbital
interaction (i.e. covalent bonding) that displays the same
trend. Despite that, we found that the electrostatic attrac-
tions, measured by the AE, term and contributing ca. one
third to the total attractive interactions, are enhanced as the
substituent is modified from methyl (—83.6 kcal/mol) to
alkynyl group (—91.0 kcal/mol). Therefore, our EDA calcu-
lations confirm that although the strength of the Al-C bond
is comparatively higher in the C,-substituted systems, the
bond becomes also more polarized, showcasing a more
significant ionic (i.e. electrostatic) character.

Interestingly, kinetic measurements of 2-AlMe, homol-
ysis in CDCl; revealed a rather clean conversion of the
compound into 2-AlCl, with 2-AlMeCl being the transient
species (Figure S22). This implies that the BPI aluminum
scaffold initially remains intact after homolysis, and is
accessible for follow-up reactions. Furthermore, this corrob-
orates the “masked” AI(II) radical 2-AlMe* as plausible
postulate for the primary homolysis product.

Radical Chemistry

The spin-trapping of the methyl radical, or the formation of
2-AICl, by irradiation in chloroform, indicate that both
photolysis products are available for subsequent reactions,
i.e. as an alternative to the ligand-alkylation pathway (vide

Table 1: EDA values (in kcal/mol)¥ for the AI-C bond in 1-AlR,
systems using [1-AIR]* and R* as fragments.

1-AIR,
R =CH, R = CH=CH, R = C=C-SiH,
AE,, —99.9 ~106.7 —145.2
AEpui 120.8 1224 131.1
AE —83.6 —86.1 —91.0
AE,, —132.4 ~136.7 ~180.3
AEg,, —47 —6.2 -5.0
WBI 0.556 0.57 0.59

I All data have been computed at the ZORA-B3LYP-D3/TZ2P//B3LYP-
D3/def2-TZVP level.
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supra). We probed if some substrates such as electron-
deficient alkenes react faster than the BPI scaffold to
achieve Giese-type reactions.””) Therefore, 2-AlMe, was
treated with 1.00 equivalent of acrylonitrile under ambient
conditions.

With ambient light, no reaction was detected, but after
irradiation with a 450 nm LED for 30 minutes, full con-
version of the substrate and 22 % NMR yield of propioni-
trile were confirmed. We suggested non-efficient hydrogen-
atom-transfer (HAT) of the transient cyanopropyl radical to
be the reason for the large gap between high conversion and
low yield. Thus, we screened several different H atom donor
reagents by subjecting 1.00 equivalent of the latter to the
photoreactions (Figure 8).

To our surprise, the radical H atom donor Bu;SnH, the
typical reagent for Giese reactions, did show the worst yield,
despite full conversion of acrylonitrile. A clear trend is
observed that the yield was significantly increased when
proton sources were employed, featuring methanol as best
additive providing propionitrile in 59-61 % yield. The
solvent seems to have little effect on the reaction outcome,
but still chlorinated solvents showed the best performance.
We noted that higher amounts of added methanol decreased
the yield most likely due to partial decomposition of 2-
AlMe,. Besides acrylonitrile, also other alkenes were
hydromethylated by 2-AlMe,/MeOH showing yields be-
tween 18-59% (Scheme 3a). Moreover, the Et, iBu, Bu,
vinyl or phenyl radical were successfully transferred in high
yields of 72-88 % yield for sp*-hybridized moieties, and low
yields of<5% (Ph) and 19% (vinyl) for sp*hybridized
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substituents (Scheme 3b). These observations corroborate
the cyanopropyl-anion as transient species, trapped by the
additive rather than the corresponding radical. Still, the
attack of the methyl radical to the C=C double bond should
be the initial step based on all previous findings. The lower
yields in the case of sp>carbon radicals support this idea as
they typically react less nucleophilic than sp*-radicals.™"
Likewise, we observed the formation of half-deuterated
biphenyl in 38 % NMR yield when 1-AlPh, was irradiated in
C¢Dg (Scheme 3d). Therefore, only a radical reaction path-
way gives a plausible explanation for the occurrence of this
CH-activating aryl-aryl coupling.®"! The primary attacking
species is expected to be of radical nature also in the
mentioned Giese reactions. A radical-polar crossover behav-
ior, in which the primarily formed cyanopropyl-radical is
reduced to the anion by single electron transfer (SET), and
subsequently trapped by the proton from MeOH, would be
in line with the observations (Scheme 3c). Acceptor-sub-
stituted alkyl radicals are typically reduced at potentials
around —0.80 V (vs. Fc/Fc*).”? Although we are not able to
comment on the exact redox potential of the relevant BPI
aluminum radical, it appears to be a reasonable reductant
for this reaction, as we have recently published reduction
potentials of around —2.00 V (vs. Fc/Fc*) for the radicals of
BPI and its sodium complex.® A bonding of the cyanoprop-
yl moiety to the aluminum atom after the redox reaction in
a carboalumination-like fashion, similar to the reaction of
aluminum porphyrin complexes with acrylates,” cannot be
excluded. But it is obvious that such a bond would be much
more sensitive to hydrolysis than the Al-Me bond because

: N
450 nm, 30 min H H I N '
Me THF-dg, r.t. PE 5 :
AN ¢ 2-Al et ey ;2 CE?NE :
Me 1.00 equiv. H source ! IEI N— !
’ \wra
NMR yiel
100 o ° vield - 100
® conversion
[ ] [ ]
80 - - o - 80
° [} Py U ®
g =
2 60 - ' 460 §
IS 2
x g
= 40 - 440 §
z o
20 -1 20
I
0 T T T T T T T 0
Bu,SnH Et,SiH PhSH NH,Br 1,4-CHD none BuphOoH Hantzsch* H,0 tBuOH MeOH

H source

Figure 8. Screening of hydrogen atom sources for the Giese-type hydromethylation of electron-deficient alkenes by 2-AlMe, under ambient
conditions. Yield determined by "H NMR spectroscopy. Reaction conditions: 0.1 M in THF-d;, r.t., 450 nm (500 mW), 30 min, 1.00 equiv. of
hydrogen atom source, 1.00 equiv. 2-AlMe,. 1,4-CHD: 1,4-cyclohexadiene. Hantzsch: 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylic acid diethyl
ester. * No conversion is given for the reaction with Hantzsch-ester as signal-overlap in 'H NMR spectra denied accurate determination; it is

estimated to <50%.
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a) Giese-type hydromethylation of electron-deficient alkenes
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c) Postulated radical-polar crossover mechanism

d) Observed aryl-aryl coupling of 1-AlPh, and benzene
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b) Giese-type hydroalkylation of acrylonitrile

450 nm, 30 minor 4 h H
R CD,Cly, r.t.
ZeN ¢ 2-A R\/kcn
R 1.00 equiv. MeOH
H H H
Me\)\CN /\)\CN Y\)\CN
61% 2% 88%

H H

/\)\CN @\iCN

84% 19%* <5%*

3
z
A

e) Photoreaction of 2-AIR, with carbonyls

1) 450 nm, 30 minor 4 h

o R CD,Cly, Tt OH
P + 2-Ai A
R7OR R 2) 4.00 equiv. HOAC R™R

OH OH OH
ot ot Wb
38% 23% 7%
OH OH OH

<5%* 0%* 0%*

Scheme 3. a) Giese-type hydromethylation of electron-deficient alkenes with 1.00 equiv. 2-AlMe,. b) Giese-type hydroalkylation of acrylonitrile with
1.00 equiv. 2-AlR,. c) Postulated radical-polar crossover mechanism of the title Giese-type alkylation. d) Biphenyl formation by reaction of 1-AlPh,
with C¢Dg. €) Alkylation and arylation of C=O bonds by 2-AlR,. * 4 hours reaction time. All reactions except d) were conducted under ambient air
applying a concentration of 0.1 mol/L. Product formation was confirmed by GC-MS and yields were determined by '"H NMR spectroscopy.

of the stabilized carbanionic character (vide supra). Thus,
the reaction with MeOH is expected to be fast, forming the
experimentally observed propionitrile. MeOH was con-
firmed as the main source of the proton in the formed
propionitrile by deuterium labelling studies using MeOH-d,,.
In the case of the present conjugate addition, the change
from the radical to the ionic pathway is directly connected
to the avoidance of toxic tin reagents. Those toxic reagents
typically resemble the largest drawbacks of classical Giese
reactions.®

To further challenge the proposal of radical-polar cross-
over reactivity, 2-AlMe, was treated with benzaldehyde.
Radical addition to C=O double bonds is reversible and
thermodynamically unfavored.’" Different studies high-
lighted that radical alkylation of carbonyls is only possible
by preforming hydrogen bonds or by directly following SET
processes.” First, we noticed almost full conversion of the
aldehyde but no product formation when the reaction was
conducted under the same conditions as mentioned before.
However, when the mixtures were quenched by addition of
acetic acid, 1-phenylethanol formation was observed. This
leads to the conclusion that the formed methyl radical adds
to the aldehyde, which is directly followed by SET from the
BPI aluminum radical. A putatively transient aluminum
alkoxide probably requires harsher reagents for solvolysis,
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thus releasing the alkylation product. GC-MS data hinted at
the formation of substituted derivatives of benzaldehyde
and 1-phenylethanol with additional methyl groups attached
to the aromatic ring as side products, clearly indicating
radical pathways. Furthermore, the yield for methylation of
aliphatic nonanal was higher and the arylation of C=0
bonds again proceeded poorly due to the electrophilic
nature of phenyl radicals (Scheme 3e).

Conclusion

This work addressed the development of a controlled,
visible-light-induced charge-transfer (CT) homolysis of met-
al-carbon bonds as an important redox-mediated elementary
reaction on aluminum organometallics. The coordination of
the monoanionic redox-active bis(pyridylimino) isoindolide
(BPI) ligand scaffold to AIR, fragments gave coordination
compounds, which are much more stable towards ambient
air than conventional organometallics. As supported by
density functional theory calculations, excitation results in
the transfer of electron density from the nucleophilic Al-C
bond to the n* orbitals of the ligand scaffold, leading to a
cleavage of the Al-C bond and the formation of a reduced
BPI aluminum radical. This was further supported by spin
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and radical trapping experiments as well as EPR spectro-
scopy and femtosecond UV/Vis spectroscopy. When the
homolysis products are not trapped, ligand alkylation is the
dominating reaction pathway. We have shown in the form of
tin-free Giese-type conjugate additions or C=0O alkylations
that such formed radicals can alternatively be used syntheti-
cally under ambient conditions and that these reactions
proceed via radical-polar crossover mechanisms. By apply-
ing a variety of methods to gain fundamental information
about photochemical processes in Main Group photochem-
istry, we conclude that the polarity of the metal-carbon
bond and the efficiency of energy transfer from light into
vibrational modes are the crucial parameters for photo-
reductive CT homolysis. Further insights into the homolysis
mechanism, substitution effects as well as radical chemistry
are currently being investigated in our laboratories.
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