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Abstract: The addition of p-allylmetal complexes to carbonyls
is the most important route to homoallylic alcohols. This study
reports the first photocatalytic generation of p-allyltitanium
complexes by a radical strategy. This novel strategy enables the
three-component allylation of carbonyls with 1,3-butadiene,
providing rapid access to valuable homoallylic alcohols (over
60 examples). The exceptional regio- and diastereoselectivity
provided by dual photoredox/Ti catalysis is comparable to that
of the Cr-catalyzed Nozaki–Hiyama–Kishi allylation reaction.

The development of more sustainable and efficient synthetic
strategies is at the core of organic chemistry. Homoallylic
alcohols and their derivatives are important building blocks
for the synthesis of various pharmaceuticals and biologically
active natural products. The addition of various p-allylmetal
complexes to carbonyls is one of the most powerful methods
that has been developed to access homoallylic alcohols and
has contributed to the fast growth of synthetic and medicinal
chemistry in the past decades.[1, 2] However the tedious and
uneconomical preparation of sensitive p-allylmetal com-
plexes that relies on pre-activated allylic halides and stoi-
chiometric metallic reductants has restricted their widespread
application.[3]

Among the various transition metals, titanium is one of
the cheapest and in general nontoxic and environmentally
friendly.[4] These features and its rich redox properties make it
especially attractive for organic transformations.[5,6] Usually,
p-allyltitanium complexes 1 are prepared by the reaction of
Cp2TiCl2 with allylmagnesium bromide or oxidative addition
of allyl halides to Cp2TiCl2 in the presence of stoichiometric
metallic reductants (Figure 1 a).[7, 8] Given that Cp2TiIIICl is
a powerful and mild single-electron reductant,[9–11] we won-
dered whether p-allyltitaniumIV complexes 1 can be produced
via single-electron reduction of the allylic radicals with
Cp2TiIIICl (Figure 1b). Recently, Glorius et al. reported the
generation of p-allylpalladium complexes by the addition of

a hybrid alkyl PdI radical to butadiene.[12] Another example
for the generation of p-allylchromium complexes from
butadiene was reported by Takai et al. and recently further
developed by the groups of Zhang and Glorius.[13]

Metallaphotoredox catalysis has become a powerful tool
in organic synthesis.[14–19] In this respect, we envisioned that
under photoreductive conditions the TiIII, as well as the alkyl
radical would be generated via the photoinduced SET process
(Figure 1c).[20, 21] The highly reactive allyl radical 2, resulting
from the addition of an alkyl radical to a butadiene, is
anticipated to be captured by the mild reducing agent TiIII,
thus producing the nucleophilic p-allyltitanium complexes
1 that could be successively coupled with carbonyls.[22, 23]

There are several challenges to complete this process: (i)
alkyl radical should be added to butadiene quickly, or else it
will be over-reduced to alkane; (ii) TiIII should selectively
capture the allyl radical 2 and not react with alkyl radical, as
the resulting alkyl-Ti species can be hydrolyzed quickly under
acidic conditions; (iii) aromatic aldehydes and ketones are
known to be reduced by photocatalysis in the presence of
Hantzsch ester (HE).[24]

With the aforementioned challenges in mind, we started
our study by examining butadiene, phenylpropionaldehyde
5a, and ethyl bromodifluoroacetate 4 as radical precursors.
After a systematic variation of different reaction parameters,
we successfully identified the optimal reaction conditions in
which a mixture of Cp2TiCl2 (5.0 mol%), [Ir(dF(CF3)ppy)2-
(dtbbpy)]PF6 (Ir-2, 1.0 mol%, E1/2

IV/III* =�0.96 V vs. SCE in
acetonitrile), HE (2.0 equiv) and 5a (1.0 equiv) in tetrahy-

Figure 1. a) Previous ionic approaches. b) Conceptual new radical
approach (unexplored). c) Three-component allylation of carbonyls
with 1,3-butadiene and alkyl halides.
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drofuran (THF) at room temperature under irradiation with
a 450 nm light emitting diode (LED) lamp for only 5 hours
afforded the desired product 6a with an excellent yield of
89% (d.r.> 20:1, Table 1, entry 1). Further screening of other
photosensitizers revealed that the low-cost and readily
available organic dye 4CzIPN (E1/2

P/P�=�1.21 V vs. SCE in
acetonitrile) is a suitable alternative, which led to full
conversion with an 85% yield (entry 3). Slightly decreasing
the reaction concentration to 0.1 M led to an increase in the
yield to the highest level of 92 % (entry 5). Various solvents,
including dichloroethane, acetonitrile, and toluene, were
evaluated, and they all resulted in less yields but did not
affect the diastereoselectivity (entries 6–8). The use of other
organic electron donors, such as N,N-diisopropylethylamine
(DIPEA) instead of HE, resulted in no product (entry 9).
Irradiation with a white LED instead of a 450-nm LED for
20 hours produced 6a with 73 % yield (entry 10). Use of
various transition metals did not give any product 6 a
(entry 11). Notably, the reaction did not proceed in the
absence of HE, the photocatalyst, or visible light. Condition-
based sensitivity screening[25] revealed that the reaction is
sensitive toward H2O and high oxygen concentration (see
Section 5 in the Supporting Information).

Next we undertook to optimize the allylation reaction for
more challenging ketones. To the best of our knowledge,

three-component allylation of ketones with butadiene has not
been reported.[13,22] Under optimal conditions for aldehydes,
the yield of the product was only 28 % (Table 2, entry 1). This
is probably due to the rapid consumption of 4. With this in
mind, we found that tuning the light source to a low energy
white LED slowed down the generation of allyl radical 2 and
increased the yield to 59 % (entry 2). Further optimization of
the conditions revealed that increasing the Cp2TiCl2 loading
increased the yield up to 78% after 40 hours (entries 3 and 4).

After establishing the optimal conditions, we then inves-
tigated the scope of the allylation reactions. Notably, the
reaction worked well with various aliphatic/aromatic alde-
hydes as well as aliphatic/aromatic ketones and afforded the
homoallylic alcohols in generally good to excellent yield with
surprisingly high diastereoselectivity (Table 3). It was found
that the aromatic ring substituent effect can affect the
regioselectivity of the product. The electron-rich group 5m
or neutral group 5k only produced g-adducts 6m and 6k.
Carbonyls with electron withdrawing groups, such as fluorine
(5s and 7 l), led to a-adducts. However, this a-addition
pathway can be significantly suppressed by adding LiCl (for
detailed discussion, please see the mechanism section).
Unsymmetrical dialkyl ketones are extremely challenging
substrates for allylation due to the minimal steric differ-
entiation between the two different alkyl groups attached to
the carbonyl. Excitingly, our system displayed outstanding
regio- and diastereoselectivity for this type of substrate,
including 7 i and 7j. Additionally, the highly active conjugated
aldehyde 5h, and the steric hindered aldehydes 5 l and 5j were
successfully allylated. Ring strain molecules, such as cyclo-
butanone 7a and 3-oxetanone 7 b were used and produced
alcohols 8 a and 8 b in good yield. Heteroatoms, such as
oxygen 7b, sulfur 7h and protected amine 5 e, did not
interfere with the catalytic cycle. Furthermore, various
heteroarenes, the most widely used core structures in
pharmaceutical synthesis, were also compatible with this
dual catalysis system, including furan 5w, thiophene 5y,
benzothiophene 7r and benzofuran 7s. Photocatalytic con-
ditions provided broad compatibility with numerous syntheti-
cally important and sensitive functional groups due to the
extremely mild conditions. These included free phenols 5n,
ether 5m, alkene 5 i, and iodobenzene 7o. In further substrate
scope studies, screening of alkyl halides and nonfluoro a-

Table 1: Reaction optimization for aldehydes.[a,b,c]

Entry Variation from standard conditions Yield [%]

1 none 89
2 Ir(ppy)2(dtbbpy)PF6 Ir-1 instead of Ir-2 86
3 4CzIPN instead of Ir-2 85
4 Ru(bpy)3(PF6)2 Ru-1 instead of Ir-2 0
5 0.1 M instead of 0.2 M 92
6 dichloroethane instead of THF 77
7 acetonitrile instead of THF 68
8 toluene instead of THF 82
9 DIPEA instead of HE 0
10 white LED instead 450 nm LED, 20 h 73
11 CoCl2,NiCl2,ZnCl2,FeCl3,TiCl4 instead of Cp2TiCl2 0

[a] Reaction conditions: 5a (1.0 mmol scale). [b] Yields were determined
by 1H NMR spectroscopy versus an internal standard. [c] Diastereomeric
ratios were determined by 1H NMR spectroscopy.

Table 2: Reaction optimization for ketones.[a,b,c]

Entry Variation from standard conditions Yield [%]

1 none 28
2 white LED instead 450 nm LED 59
3 white LED instead 450 nm LED, 10 mol% Cp2TiCl2 71
4 white LED instead 450 nm LED, 20 mol% Cp2TiCl2 78

[a] Reaction conditions: 7g (1.0 mmol scale). [b] Yields were determined
by 1H NMR spectroscopy versus an internal standard. [c] Diastereomeric
ratios were determined by 1H NMR spectroscopy.
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Table 3: Scope of allylation with butadiene.[a]

[a] Reactions were performed on a 1.0-mmol scale of 5 or 7 (THF 0.1 M); Condition A : Cp2TiCl2 (5.0 mol%), Ir-2 (1.0 mol%), HE (2 equiv), butadiene
(2.0 equiv), 450 nm LED, 2 (2 equiv), 5 (1 equiv), 10 hours; condition B : Cp2TiCl2 (20.0 mol%), Ir-2 (1.0 mol%), HE (2 equiv), butadiene (2.0 equiv), 2
(2 equiv), 7 (1 equiv), white LED, 40 hours (for details please see Section 7 in the Supporting Information). [b] 2.0 equiv of LiCl was added. [c] 8b is
unstable and gives product 8b’ (see Section 8 in the Supporting Information).
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bromo carboxylates showed them to be good substrates as
well. Moreover, good yields and excellent d.r. values of 9(a-b)
and 10(a-k) were obtained.

A gram-scale synthesis of 6 a was performed using 4CzIPN
with a photocatalyst loading of just 0.5 mol% (Table 4).
Satisfyingly, an 89 % yield of 6 a was obtained, showing the
scalability of the reaction. Homoallylic alcohols are valuable
intermediates in organic synthesis and can participate in
a wide range of transformations. To explore the utility of the
allylation products, product 10a was subjected to DIBAL-H
reduction resulting in the formation of diol 11. Oxidation of
6a by DMP produced ketone 12. Interestingly, alcohol 10j
and 10k could be transformed in situ to d-lactones 13 and 14
smoothly. Notably, treatment of 8q gave indene 15 with 87%
yield. Both d-lactones and indenes are prevalent moieties in
natural products or biologically active pharmaceutical agents.
To show the potential applicability of our strategy in late-
stage functionalization, lithocholic acid and estrone deriva-
tives were used and the desired product 16 and 17 were
obtained in good yield without addition to ketone.

There are three possible pathways for the reaction
(Figure 2a), including the addition of allyl radical 2 to
carbonyls (path I), radical coupling of 2 and ketyl radical
(path II), and the addition of 1 (path III) to carbonyls. First,
the reactions were performed in the absence of Ti and
carbonyls. In this case the allyl radical dimerization product
18, together with its isomeric products, were isolated in 60%
yield (Figure 2 b). Thus, the allyl radical 2’ is indeed generated
under the photocatalytic conditions independent of Ti and

can be added to butadiene before further reduction. Second,
the successful allylation of 2-phenyl-cyclopropane-1-carbox-
aldehyde 19 suggested that the ketyl radical intermediates are
not likely involved in the reaction (Figure 2c). For the same
reaction, but without Ti, aldehyde 19 was recovered and only
dimer 18 was obtained. Therefore, path I can be excluded.
Additionally, electron-deficient substrates, such as p-fluoro-
benzaldehyde 5s was used for the allylation in the absence of
Ti (Figure 2d). In this case pinacol 22 was obtained via
dimerazation of ketyl radical 21. The a-adduct 6s-2 and g-
adduct 6s-1 (identical to 6 s) were also obtained by the
radical–radical coupling of 2’ and ketyl radical 21. In contrast,
the same reaction in the presence of Ti gave 6s-1 as a major
product together with 6s-2. These results clearly indicated
that both path II and III were operative. However, path III
was the main pathway when Ti participated in catalytic cycle
and transformed allyl radical 2’ to a nucleophilic p-allyltita-
nium complex 1 that led to 6s-1 as major product. The yield of
6s-1 can be further improved to 86% by adding LiCl.

Table 4: synthetic applications.[a]

[a] DIBAL-H= diisobutyl aluminium hydride, DMP =Dess–Martin peri-
odinane, TsOH = 4-methylbenzenesulfonic acid.

Figure 2. a) Possible reaction pathways. b) The presence of an allyl
radical 2’ and its dimerization. c) Radical clock experiments. d) Radi-
cal–radical coupling of 2’ and ketyl radical 21, stereochemistry of g-
adduct 6s-1 is identical to 6s based on NMR spectroscopy analysis.
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Although its exact role is not clear at this stage, it seems that
LiCl can suppress the formation of ketyl radical 21 under the
current conditions.

To further understand the nature of the photocatalytic
process, several photochemical experiments were performed.
First, Stern–Volmer luminescence quenching studies revealed
that HE, Cp2TiCl2, and 4 can quench the excited state of the
photocatalyst, thus both reductive and oxidative quenching
can occur (see Section 2 in the Supporting Information).
Second, the reaction is light-dependent as indicated by the on-
off-light experiment. Furthermore, the quantum yield of the
reaction was calculated to be 0.08 (see Section 4 in the
Supporting Information).

Based on these results, we tentatively propose the
following catalytic cycle (Figure 3). First, alkyl halides are
reduced by the IrIII complex to produce the alkyl radical,
which can be rapidly added to butadiene to form the allyl
radical 2. Concurrently, TiIV is reduced by another IrIII to TiIII.
The strong oxidant IrIV species is then reduced by HE to IrIII

and produce HEC+, which can further participate in electron
transfer events and eventually produce pyH+. TiIII can trap
allyl radicals 2 to form nucleophilic 1 that subsequently
coupled with carbonyls. After hydrolysis by pyH+, the
homoallylic alcohols would be obtained and free TiIV is
released. Ultimately, the catalytic cycle would be closed by
SET between IrIII and TiIV. The anti-selectivity of homoallylic
alcohols can be explained by Zimmerman–Traxler transition
state (see Section 6 in the Supporting Information).

In summary, we have developed a novel photocatalytic
approach for the production of p-allyltitanium complexes by
a radical strategy. The synthetic application was demonstrated
through the three-component allylation of carbonyls with
feedstock butadiene. This environmentally benign and opera-
tionally simple method provides access to a broad range of
novel and valuable homoallylic alcohols with exceptional
regio- and diastereoselectivities.
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