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The pinacol coupling reaction, a reductive coupling of carbonyl compounds that proceeds through the
formation of ketyl radicals in the presence of an electron donor, affords the corresponding 1,2-diols in
one single step. The photoredox version of this transformation has been accomplished using different
organic dyes or photoactive metal complexes in the presence of sacrificial donors such as tertiary
amines or Hantzsch's ester. Normally, the homo-coupling of such reactive ketyl radicals is neither
diastereo- nor enantio-selective. Herein, we report a highly diastereoselective pinacol coupling reaction
of aromatic aldehydes promoted by 5 mol% of the non-toxic, inexpensive and available Cp,TiCl,
complex. The key feature that allows the complete control of diastereoselectivity is the employment of
a red-absorbing organic dye in the presence of a redox-active titanium complex. Taking advantage of

the well-tailored photoredox potential of this organic dye, the selective reduction of Ti(v) to Ti(n) is
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Accepted 21st April 2022 achieved. These conditions enable the formation of the p,L (syn) diastereoisomer as the favored product
of the pinacol coupling (d.r. > 20 : 1 in most of the cases). Moreover, employing a simply prepared chiral

DOI: 10.1039/d25c00800a SalenTi complex, the new photoredox reaction gave a complete diastereoselection for the bp,L
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Introduction

Photoredox catalysis' has become a powerful methodology to
access radical intermediates.> The ability to convert visible light
into chemical energy, mainly by SET (single electron transfer)
processes, enables the exploration of new challenging chemical
transformations.®> Thus, avoiding the use of classical radical
initiators or stoichiometric metal reagents, visible light-
mediated photoredox catalysis can serve as a simple method
to generate ketyl radicals, allowing interesting transformations
and providing alternative methods to the traditional
approaches for the generation of these reactive intermediates.*
The first example of generation of a ketyl radical by visible light

“Dipartimento di Chimica “Giacomo Ciamician”, Alma Mater Studiorum — Universita
di Bologna, Via Selmi 2, 40126 Bologna, Italy. E-mail: andrea.fermi2@unibo.it;
andrea.gualandil 0@unibo.it; piergiorgio.cozzi@unibo.it

*Laboratorio SMART, Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126, Pisa,
Italy

“Center for Chemical Catalysis — C3, Alma Mater Studiorum — Universita di Bologna,
Via Selmi 2, 40126 Bologna, Italy

T Electronic supplementary information (ESI) available: Screening tests, and
further substrates studied. Photophysical measurements, and electrochemical
and quenching studies. Detailed procedures, description and copies of NMR
spectra for all compounds. See https://doi.org/10.1039/d2sc00800a

i These authors contributed equally to this work.

© 2022 The Author(s). Published by the Royal Society of Chemistry

diastereoisomer, and high enantiocontrol (up to 92% of enantiomeric excess).

was described in 1979 by Kellogg and co-workers, exploiting the
ability of [Ru(bpy);]Cl, to act as a photocatalyst for the SET
reduction and fragmentation of phenacyl sulfonium salts.® After
this report, different photoredox methodologies have been
applied for the formation of new C-C bonds via the generation
of ketyl radicals from aldehydes and ketones.® A photocatalytic
pinacol coupling was described by Rueping and co-workers.”
This simple and catalytic methodology provides access to
symmetrical pinacol and diamine products with good func-
tional group tolerance. This study attracted considerable
interest in the chemistry community, and many different
alternative procedures were reported. In particular, the use of
[Ir(m)] and [Ru(u)] complexes,® organic dyes,” and semi-
conductors® has been described in photoredox-mediated
pinacol coupling. However, the redox potential of the photo-
catalyst at the excited state is often not sufficient for the direct
formation of aryl ketyl radicals.” Key studies reported by
Rueping and other authors have clarified that tributylamine [(n-
Bu);N], the sacrificial stoichiometric reductant, plays another
important role. The amine radical cation - formed upon
reductive quenching of the photocatalyst by amine - activates
the carbonyl group lowering its reduction potential, thus
leading to the formation of the ketyl radical. The ketyl radicals
dimerize and, after protonation, the 1,2-diol products are ob-
tained. In almost all the described catalytic processes, the
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promptness of the radical-radical dimerization step is respon-
sible for the formation of a diastereoisomeric mixture of diols,
generally in 1:1 ratio (p,L: meso), and the observed diaster-
eoselection is generally low (d.r. up to 1.4 : 1).

We have hypothesized that the generation of [Ti(m)]
complexes under photoredox conditions could be a straightfor-
ward method to perform the pinacol coupling with high dia-
stereocontrol, as was reported by Gansduer more than 20 years
ago, employing manganese as the stoichiometric reductant, and
Me;SiCl as the scavenger.' Recently, Gansauer,' our group,*
and Shi'® have reported the generation of [Ti(ut)] under photo-
redox conditions for radical chemistry (allylation reac-
tions,"***** opening of epoxides,***** propargylations'?).*®
Unfortunately, any attempt to use organic dyes,"” as well as
[Ru(w)] or [Ir(u)] photocatalysts, with [Ti(iv)] complexes, in the
presence of Hantzsch's ester or amine-based reductants, gave
almost a 1:1 ratio of the diastereomeric diols in a model
reaction with p-chlorobenzaldehyde. This was probably due to
a fast and effective reaction performed by the photoredox
catalysts, with no participation of the titanium complex. In
addition, Hantzsch's ester, used in stoichiometric amount in
our attempts, displays a non-negligible absorption feature at
400 nm and it is a strong reductant in its excited state.* In order
to avoid the direct formation of ketyl radicals due to the pho-
tocatalyst or Hantzsch's ester, a milder photochemical system is
needed. This photocatalyst needs to show the capability of
reducing titanium, either in its excited state (via a direct
oxidative quenching with titanium), or in its reduced form
(upon reductive quenching in the presence of a sacrificial
reductant). In addition, titanium complexes used in photoredox
reactions can absorb visible light themselves, acting as the
active photocatalysts as illustrated by Gansduer.'*

Based on all these limitations, we decided to use a red-
absorbing dye, so that the photocatalyst can be selectively
excited without concomitant absorption of light by titanium
complexes and Hantzsch's ester. Excitation in the low-energy
portion of the visible spectrum (orange and red) brings the
advantages of decreased harmfulness and high penetration
depth through various media, as evidenced by Rovis, who
employed red-absorbing osmium complexes to perform metal-
laphotoredox catalysis." However, due to the potential toxicity of
osmium and the difficulties related to the preparation of the
complexes, we investigated the use of an organic dye for this
metallaphotoredox chemistry.”* Among all organic dyes with the
capability of absorbing red light, dimethoxyquinacridinium
(DMQA"), a helical carbenium ion, presents interesting photo-
physical®* and electrochemical® properties. Lacour et al. used
N,N'-dipropyl-1,13-dimethoxyquinacridinium tetrafluoroborate
([nPr-DMQA]'[BF,] ") in aerobic photooxidation of benzylamine.?
More recently, the use of [nPr-DMQA]'[BF,]” as a new organic
photoredox catalyst for photoreduction and photooxidation upon
excitation with red light (Ay,.x = 640 nm) with broader applica-
tions has been reported.” The use of this dye in metal-
laphotoredox catalysis, combining a photoredox catalytic cycle
with metal catalysts such as gold and palladium complexes, has
also been reported (Fig. 1A).>*“ The organic dye was prepared in
a few steps, and it was robust, and could be isolated by simple
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A Gianetti at al., 2020:

BF4™ N,*

B This work:

Pd(OAc), 10 mol%
["Pr-DMQA*][BF] 5 mol%

MeOH, r.t., Ny
640 nm LEDs
16h

[e) [Titanium catalyst]
I ["Pr-DMQAJ*[BF OH

—_—
Hantzsch’s Ester
Solvent OH

590 nm LEDs
72h

Koa.
oti2al %

(R,R)-SalenTiCl,

00
T
["Pr-DMQA]*[BF 4

Cp,TiCly

“Eqx ["Pr-DMQAJ+** / “["Pr-DMQA]* = -0.52 V vs SCE

i 5V il =
*E g “["Pr-DMQA]" / [Pr-DMQAJ- = +1.14 V v SCE  Evea SalenTiCly TiV /T =06V vs SCE

Eoy ["Pr-DMQAJ+** / ["Pr-DMQA]* = +1.44V vs SCE  Erea CPTiCl,  TiV/Til" =-0.8 V vs SCE

Ereq ["Pr-DMQA]* / ["Pr-DMQA]+ = -0.82 V vs SCE

Fig. 1 (A) Use of organic red-absorbing dye [nPr-DMQAI*[BF4]™ in
palldium mediated metallaphotoredox catalysis; (B) this work: pho-
toredox pinacol coupling promoted by titanium complexes with a red-
absorbing organic dye.

recrystallization. In addition, the redox potential measured for
the dye is potentially suitable for the reduction of [Ti(wv)]
complexes (Fig. 1).® On these bases, we decided to use ([nPr-
DMQA]'[BF4]7) in photocatalytic titanium mediated processes,
and herein, we illustrate the implementation of our idea in
a highly diastereoselective (>20:1 p,L: meso) pinacol coupling
promoted by 5 mol% of the available Cp,TiCl,. Moreover, the
application of a simply prepared and available chiral titanium
Salen complex gave, in the presence of several aromatic alde-
hydes, satisfactory yields of the desired pinacol product with
a complete diastereoselection in favour of the p,L (syn) diaste-
reoisomer, and high enantiomeric excess (up to 92%).

Results and discussion

In order to study all the parameters for the reaction, we chose p-
chlorobenzaldehyde (1a) as the model substrate. The reaction
was optimized by varying conditions and in Table 1 we report
the salient features about the optimization process.
Hantzsch's ester 6 (HE), photocatalyst [nPr-DMQA][BF,]~ 4"
and Cp,TiCl, 3 gave the best results in trifluorotoluene as
solvent under orange light irradiation (Table 1, entry 1). The
concurrent presence of the photocatalyst, the titanium complex,
and light is mandatory for the successful outcome of the reac-
tion (Table 1, entries 2-4). As we have already mentioned, the
reaction promoted by different organic dyes such as 7-10 gave
complete conversion but with complete lack of diastereocon-
trol, leading to a 1:1 diastereoisomeric mixture of products
(Table 1, entries 5-8). Other commercially available organic
dyes (11 and 12, Table 1, entries 9 and 10), absorbing in the red
region of the visible spectrum, were tested under the reaction
conditions and no conversion of aldehyde 1a was observed. The
reaction with dye 7 under blue light irradiation proceeds
smoothly both in the presence and in the absence of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the pinacol coupling reaction mediated by Cp,TiCl,

fo) 3,5 mol%
] 4%, 5 mol% OH O cl
/©) 6, 1.1 equiv.
PhCF;[1a] = 0.1 M
Cl 3 " O OH
1a 590 nm2 Kessil lamp Cl 2a, 89%, d.r. > 20:1

3
Cp,TiCl,

3CZBIIPN
S04

7

Nlle Blue

4 5
["Pr-DMQAJ*][BF,]- Cp:Ti(OTf),

a 2 R

¥ .OTf

%T-\oﬁ EtOWOEt
HaC™ N CH

6
Hantzsch’s ester

. 5ok

3DPAFIPN SCan

Q/NE(Z
Me,N NMe2

Methylene Blue

Entry” Deviation from standard conditions Yields? d.r. (o,L : meso)”
1 None >99(89)“ >20:1
2 No photocatalyst No reaction —

3 No 3 Traces 1:1
4 No light No reaction —
5¢ 7 instead of 4* >99 1:1
6° 8 instead of 4* >99 1:1
7° 9 instead of 4* >99 1:1
8° 10 instead of 4" >99 1:1
9° 11 instead of 4" No reaction —
10° 12 instead of 4" No reaction

11° 7 Instead of 4" and No 3 >99 1:1
128 No photocatalyst, No 3 50 1:1
13 Toluene instead of PhCF; >99 7:1
14 Benzene instead of PhCF; No reaction —
15 DMF instead of PhCF; 53 1:2
16 MeCN instead of PhCF; Traces

17 PhCN instead of PhCF; Traces —
18 PhF instead of PhCF; 23 3:1
19 THF instead of PhCF; Traces —
20 5 Instead of 3 No reaction —

% Reactions performed on a 0 1 mmol scale. ?
analysis of reaction crude.

purification; 4" was recovered (>90%) after chromatographic purification. ¢

titanium complex (Table 1, entries 5 and 11), likely due to the
direct formation, via SET from the photocatalyst, of the ketyl
radical on the activated carbonyl substrate (see a detailed
discussion below).?® Furthermore, Hantzsch's ester itself is
capable of promoting the pinacol coupling reaction under blue
light irradiation (Table 1, entry 12). The success of the reaction
with dye 4" and orange light irradiation is also highly dependent
on the solvent (Table 1, entries 13-19).

While THF or MeCN gave only traces of the desired product,
the reaction proceeded with good diastereoselection in
aromatic solvents (benzene excluded). Among all the aromatic
solvents, yield and diastereoselectivity were optimal in

© 2022 The Author(s). Published by the Royal Society of Chemistry

Determined by "H NMR analysis usmg the internal standard method. ¢ Determined by "H NMR
4 Reaction performed on a 0.2 mmol scale; the value in parentheses is the isolated yield after chromatographic

Irradiation at 456 nm.” Reaction time 72 h.

trifluorotoluene due to its documented inertness towards free-
radical intermediates.”” When these reactions were conducted
in more conventional solvents, such as MeCN, benzene, or THF,
yields are diminished, or no reaction is observed.

No formation of the pinacol product was observed for the
titanium complex 5, suggesting that the presence of stronger O-
based ligands in place of weakly bound chloride is detrimental
for the titanium complex reactivity (Table 1, entry 20).

The reaction conditions were found to be suitable with
a variety of aromatic aldehydes (Scheme 1) but a prolonged
reaction time of 72 h was necessary for full conversion of the
substrates. Some limitations of the methodology were

Chem. Sci., 2022, 13, 5973-5981 | 5975
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o 3, 5 mol%
J 4*, 5mol%

1a-s

6, 1.1 equiv.
PhCF3 [1a] = 0.1 M
590 nm Kessil lamp 2a
72h, 1t

:

2b, 60%, d.r. > 20:1

2e, 78%, d.r. = 3:1 2f, 77%, d.r. > 20:1 2g, 95%, d.r. = 16:1 2h, 74%, d.r. > 20: 1

OH L OH Fn OH ) OH

2i,97%, d.r.>20:1 2j, 80%, d.r. > 20:1 2k, 70%, d.r. > 20:1 21, 77%, d.r. > 20:1

P e A

MeO
2n, 99%, d.r. > 20:1

2¢,74%, d.r. = 15:1 2d, 81%, d.r.=8:1

2m, 95%, d.r. = 181

oTIPS OAc
OH O OH O s P
O OH O OH 1
TIPSO AcO O

2q, 72h, 57%, d.r. > 20:1

20, 92%, d.r. > 20:1 2p, 77%, dr.=3:1

2r, 70%, d.r.>20:1 2s,87%, d.r.>20:1

Poorly reacting substrates

Schemel Scope of the diastereoselective pinacol coupling promoted
by Cp,TiCl,.

observed with heterocyclic aldehydes, due to reaction condi-
tions (formation of acidic oxidized Hantzsch's ester) or
inherent reduced reactivity, while ketones or aliphatic alde-
hydes were found to be unreactive (see Scheme 1 and Fig. S6+
for details).

In general, aromatic aldehydes bearing alkoxy groups (R =
alkyl, Scheme 1) at the para position were found to be more
reactive and the products were isolated in high yields. This
behavior was also observed with moderate activating groups
such as a methyl substituent. For aromatic aldehydes, the
protection of the oxygen at the para position is not required
since aldehyde 1p was found to be reactive under the reaction
conditions. Introduction of hindered substituent (1q) or elec-
tron withdrawing substituent (1r) onto the para OH group was
found to reduce the reactivity. In any case, the diastereoselective
outcome with these substrates was always excellent. Naphthyl
aldehydes (« 11 and B 1k) were both reactive substrates, and, as
reported in various studies with titanium mediated pinacol
coupling,” no hindrance was observed with these two
substrates. Some aldehydes bearing electron withdrawing
groups gave satisfactory yields but a slight drop of diaster-
eoselectivity was observed. This was particularly evident with
ortho-chlorobenzaldehyde (1e), probably for a concomitant
sterical hindrance. Limitations due to the presence of bulky
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groups close to carbonyl were also observed in Ti-mediated
pinacol coupling with overstoichiometric Zn as sacrificial
reductant.”®*

Enantioselective variant

Different examples of enantioselective catalytic pinacol
coupling of aldehydes were reported in the literature, based on
the pioneering work developed by Ganséduer.” Although chiral
titanium cyclopentadienyl complexes were employed in enan-
tioselective pinacol couplings with moderate results,* titanium-
Schiff base complexes®*® were found to be quite suitable
promoters for catalytic titanium-mediated pinacol coupling
reactions,* and good scope and high enantioselectivity were
obtained using different types of these complexes.**

Riant*®* and Joshi*®** have reported interesting pinacol
coupling protocols that gave high enantioselectivities using
a titanium-Schiff base complex. Joshi published a particularly
noteworthy study, featuring the use of an unsubstituted chiral
SalenTiCl, complex (13, Table 2), simply prepared from
Ti(OiPr), and the bis-imine ligand by treatment with TMSCI.
The titanium complex was converted in situ into the active Ti(i)
species, through reduction with a stoichiometric amount of Zn.
As well evidenced by Ganséduer, the presence of TMSCI in the
reaction mixture was also crucial in order to close the catalytic
cycle, upon pinacol silylation and concomitant liberation of
Ti(wv) for a successive reduction. Recently, Ti(Salen) was found
to be active in other radical mediated processes.**

Since Schiff bases are modular and simply prepared from
commercially available diamines, and both complexation and
isolation of titanium complexes are quite straightforward, we
selected two chiral Salen complexes 13 and 14 for a detailed
investigation of our photoredox pinacol coupling. We were
pleased to find promising results with 13, while 14 and 15 were
found to be unreactive (Table 2, entries 1-3). The conditions
were optimized by varying the reaction parameters, as illus-
trated in Table 2. The presence of light, the titanium complex,
and the photocatalyst is crucial for the reaction (Table 2, entries
4-6). It is worth mentioning that the reaction proceeds
smoothly in trifluorotoluene, while other solvents are ineffec-
tive (Table 2, entries 8-12). The stereoselectivity depends on the
temperature, whose optimal value was found to be close to 10 °C
(Table 2, entry 13). With these indications, a series of aromatic
aldehydes were subjected to our reaction, and we were pleased
to observe good results, reported in Scheme 2. In general, the
reaction was found to be effective with unhindered aldehydes.
Electronic effects seem not to play a relevant role in the reac-
tions, contrary to Ti(Salen)/Zn mediated reactions.*®* Sterical
effects, in contrast, are detrimental for the enantioselectivity, as
ortho substituted aromatic aldehydes were found to be less
reactive. Hindrance in the para position lowers the stereo-
selectivity of the process. Compared to Cp,TiCl,, the SalenTiCl,
mediated protocol was found to feature a slightly reduced
reactivity, probably due to the scarce solubility of the complex in
the reaction solvent.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization of the pinacol coupling reaction mediated by chiral titanium complexes
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13, 10 mol%
4*, 5 mol%

6, 1.1 equiv.
PhCF3[1a] =0.05 M

o
/©)
Cl 5
590 nm Kessil lamp

1a 48 h,6-12°C

OH C
SN

(R,R)-2a

o
CI 'n—c C' T" Me e 0
Ph Ph

(RR)- SalenTlclz

(RR)- ('Bu)SalenTl(:I;

(R,R)-| Duthaler Hafner

Entry” Deviation from standard conditions Yields? d.r. (o,L : meso)” e.r.? (R,RIS,S)
1 None 74(67)° >20:1 96: 4

o/ 14 instead 13, [1a] 0.1 M Traces — —

3 15 instead 13, [1a] 0.1 M n.r. 1:1 —

4 No photocatalyst n.r. — —

5 No titanium Traces 1:1 50 : 50

6 No light n.r. 1:1 —

74 10 mol% of (S,S) 11 49 1:1 3:97

8 Toluene instead of PhCF; Traces 1:1 —

9 MeCN instead of PhCF; n.r. 1:1 —

10 Benzene instead of PhCF; n.r. 1:1 —

11 THEF instead of PhCF; Traces 7:1 —

12 DME instead of PhCF; Traces — —

13 25 °C instead 6-12 °C 92 9:1 64.5:35.5

¢ Reactions performed on a 0.1 mmol scale. ?
analysis of reaction crude. ¢

¢ Reaction time 16 h.

[e] 11, 10 mol%

J 4%, 5 mol% '
‘ 6, 1.1 equiv. ‘
PhCF3 [1a] = 0.05 M OH

590 nm Kessil lamp
48 h, 6-12°C

(1R,2R)-2b, 70%, (1R,2R)-2c, 85%, (1R,2R)-2f, 42%,
dr.>20:1er. =964 dr>201er=955:45 dr >20:1er =95545

(1R,2R)-2m, 77%,
dr.>201 er. =955

(1R.2R)-2a, 67%,
d.r.>20:1er =96:4

OoH P“
O OH

(1R 2R)-2j, 30%,
dr.>20:1er. =735:26.5

Ph

(1R,2R)-2k, 61%,
d.r.>20:1er=96:4

(1R,2R)-20, 79%,
d.r.>20:1 er. =955

Scheme 2 Scope of the enantioselective photoredox pinacol
coupling with (R,R)-SalenTiCly.

Photophysical and mechanistic
analyses

To shed light on the reaction mechanism, as for the synthetic
protocol, PhCF; was chosen as the main solvent for the photo-

physical characterization of photocatalyst 4". In agreement with
published results,>** compound 4" shows a low energy-lying

© 2022 The Author(s). Published by the Royal Society of Chemistry

Determined by "H NMR analysis using the internal standard method. ¢ Determined by "H NMR
Determined by HPLC analysis on a column with a chiral stationary phase. ¢
scale. The value in parentheses is the isolated yield after chromatographic purification.

Reaction performed on a 0.2 mmol
f'5 mol% of titanium catalyst was used in the reaction.

absorption band with the maximum at 614 nm (€14 nm =
10 300 M~ * 1 in CH,Cl,, Aonset ~ 680 nm; see Fig. 2A and
S8t) allowing its excitation with orange light (LED source at Apax
= 590 nm, see Fig. S11). The emission band of 4" is peaked at
648 nm - with a lifetime of 12.8 ns and a quantum yield of 0.26
in air-equilibrated PhCF; solution - corresponding to a spec-
troscopic energy E,, of 1.96 eV. The emission decay is not
dramatically affected by the presence of molecular oxygen, as
expected for fluorescent dyes: a lifetime of 13.8 ns is determined
in oxygen-free solutions (Fig. 2B). No phosphorescence has been
detected in the visible and NIR spectral regions from deoxy-
genated PhCF; solutions at r.t. or in a rigid matrix at 77 K in
diethylether : ethanol : PhCF; mixtures (2:1:1 v/v/v). The
compound shows excellent photostability in solution with no
degradation upon prolonged irradiation at 570 nm and 590 nm
(see ESIT), making it a good candidate for an active initiator in
photoredox processes. Since 4" is isolated and used as a racemic
mixture, no investigations on electronic circular dichroism nor
circular polarized luminescence have been carried out.

With this in hand, the analysis of the luminescence
quenching in the presence of the reaction components has been
undertaken to draw a mechanistic picture of the chemical
reaction occurring upon visible-light excitation of 4". The
reduction potentials of 4" have been reported as: Eq(4%/4") =

Chem. Sci., 2022,13, 5973-5981 | 5977
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Fig. 2 (A) Absorption (blue line) and fluorescence spectra (red line) of
a PhCF3 solution of 4% (31 uM) at r. t. (Aex = 575 nm). (B) Comparison
between fluorescence decays of air-equilibrated (blue dots) and N,-
saturated (red dots) PhCFs solutions of 4* (ca. 30 uM) at r.t. The cor-
responding monoexponential fitting functions are shown as solid lines.
The instrument response function (IRF) is also reported (grey dots).

—0.82 V vs. SCE, and E,(4>'/4%) = +1.44 V vs. SCE in CH,Cl,,>*
whose polarity is comparable to that of PhCF,.** It follows that
the excited state of 4" is able, on a thermodynamic basis, to
oxidize substrates whose potential does not exceed +1.14 V vs.
SCE and to reduce others whose potential is as low as —0.52 V

OH
gHz

(R,R)-SalenTiCl,, 13V
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vs. SCE. No relevant quenching mechanism has been observed
upon addition of p-chlorobenzaldehyde (1a, up to ca. 0.06 M,
see Fig. S107), as expected by its low reduction potential (Ep. =
—1.82 Vvs. SCE, irreversible electron transfer process).’ On the
other hand, quenching processes have been observed for the
two [Ti(v)] complexes (3 and 13) and Hantzsch's ester 6 in air-
equilibrated solutions, with compound 6 displaying the high-
est quenching constant (k; = 1.5 x 10° M~ ' s™; see Fig. S11-
S137). By taking into account the concentrations used for the
photocatalytic reaction, comparison between contributions of
all substrates to the quenching efficiencies indicates that 6 is
the most efficient quencher with a quenching efficiency of ca.
67% compared to ca. 3% in the case of the Ti(iv) complexes (see
Fig. S141). 6 can act as an efficient reductant of the dye's excited
state (Eo(6°'/6) = 1.0 V vs. SCE),*® leading to the formation of
radical 4°, which is able, in a second stage, to reduce the Ti(wv)
complexes and ultimately triggering the redox activity of the
titanium centre towards aldehydes (Fig. 3A). Indeed, Ti(wv)
species are characterized by the following reduction potentials:
ca. —0.8 Vvs. SCE for 3 in CH,Cl,;* ca. —0.6 V vs. SCE for ** in
CH,Cl,,*** (see Fig. S16%), compatible with the reduction
potential Ey(4*/4") = —0.82 V vs. SCE.

We can now compare the above-mentioned photochemical
mechanism upon orange light excitation (Fig. 3A) with the one
responsible for the photoreaction in the presence of photo-
catalysts 7-12 upon blue light excitation (Fig. 3B and Table 1,
entries 5-9). In the latter case, the excited state of the photo-
catalyst is reductively quenched by Hantzsch's ester 6 and its
reduced form can reduce the aldehyde activated by the oxidized
species 6%, as previously reported in the literature.?® Therefore,
the titanium complex is not involved in the catalytic mechanism
(Table 1, entry 9) and the reaction does not show any
stereoselectivity.
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Fig. 3 Mechanistic proposal for the photoredox pinacol coupling catalyzed by 4* in the presence of titanium complexes (A) and by TADF dye 7

(B).
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Fig. 4 Enantiomeric excess of the product 2a vs. enantiomeric excess
of 13 (see ESIf for the reaction setup and conditions).

In the case of the carbenium photocatalyst 4", the first
photochemical event is again the reductive quenching by 6, but
the reduced photocatalyst 4" can reduce only the titanium
complex and not the aldehyde, giving a high stereocontrol
(Fig. 3A). The stereoselective process involves the coupling of
two ketyl radicals mediated by two molecules of Ti(Salen). In
Fig. 3A we have depicted the diastereoselective/enantioselective
step suggesting the encounter of two ketyl radicals. Based on
sterical reasons, the approach in which the oxygen and phenyl
substituent are in anti-positions is the most favourable, but it
was not considered as it would lead to the meso product.
Formation of p/L products could be rationalized by a transition
state in which the two aryl groups are in a gauche relationship,
and the titanium complexes are in the anti-position.**

As pointed out in a recent calculation carried out by Streuff*®
on the reaction of carbonyl compounds with nitrile, the radical-
radical coupling is the favoured pathway and, as far as the
relative position of the titanium complex (Cp,TiCl) coordinated
fragment is concerned, the anti-coordination of the titanium is
favoured from the energetic point of view. We assume that this
coordination is favourable also in the case of pinacol coupling
due to the positive non-linear effect (two molecules of titanium
are involved in the stereoselective process). This led to the
depicted transition states with anti-titanium and gauche
configurations for the phenyl.

Since many stereoselective protocols involving two M(Salen)
complexes (where M is either Co, Cr or Ti) usually display non-
linear effects,*” due to cooperative bimetallic mechanisms,* we
have conducted a non-linear effect study by preparing the
enantiomerically pure (R,R)- and (S,S)-SalenTiCl, complexes,
and using different ratios of the two complexes to promote the
reaction. The result of the study is depicted in Fig. 4. Clearly,
a non-linear effect is registered in our reaction. Since Ti(m)
complexes are involved in associative or dissociative equilibria
(in the case of Cp,TiCl,, the loss of the chloride ligand with the
formation of the corresponding cationic complex),**** the
effective concentration of active titanium species can be hardly
estimated.* Although it is difficult to attribute the suitable
model to fit the data reported in Fig. 4, the best fitting model to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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describe the observed curve is (ML),, indicating a cooperative
role played by two Ti(Salen) complexes in the enantiode-
termining step.**

Conclusions

In conclusion, we have described an effective photoredox dia-
stereo- and enantioselective pinacol coupling mediated by
titanium complexes. The application of a red-absorbing organic
dye, readily available and stable under the reaction conditions,
is crucial to obtain excellent yields and avoid the use of stoi-
chiometric amounts of metals as the reductants. The use of
orange light in with  this
yquinacridinium organic dye 4" allows the stereoselective
coupling of aldehydes mediated by titanium, avoiding unde-
sired processes lacking stereocontrol. The enantioselective
process is mediated by a simply prepared Ti(Salen) complex,
and good enantiomeric excesses are obtained. These results
open new directions and possibilities to many stereoselective
photoredox reactions promoted by titanium or other metals
with low reduction potentials. In addition, titanium complexed
ketyl radicals generated under these conditions could be used
in different types of couplings. These directions will be sub-
jected to further investigations in our laboratory.
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