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ABSTRACT: Alkyltitanium alkoxides generally serve as nucleophiles in the reactions with carbonyl compounds and cross-coupling.
Their application as reductants is known but remains underdeveloped. Here, we report that irradiation with visible light makes these
organometallic compounds efficient reducing agents for the dehalogenation of 1,2- and 1,3-haloalcohols. This was utilized for the
reduction of epoxides and hydroxysulphonates, which started with the in situ formation of haloalkoxies and followed by the photo-
chemical dehalogenation step. Ester, amide, alkyne, sulphone, and remote bromide groups were stable under the reaction conditions.

Being readily available and non-toxic, titanium reagents and
catalysts have been employed in remarkably diverse organic
transformations including oxidation, reduction and C-C bond
forming reactions.'™ Low valent titanium species, especially
Ti'™ compounds, are powerful reducing agents capable of react-
ing with carbonyl, imine, oxime, epoxide, acylaziridine, halide,
hydroxyl, oxazoline and other functional groups (Scheme 1A).
5710 These reagents are air-sensitive and typically prepared in
situ by the reduction of an available Ti'¥ compound with a suit-
able reductant such as K, Zn, Mn, Mg metals or a Grignard re-
agent. Recently, Ti"™V catalysis was successfully merged with
photoredox catalysis, where reduction of Ti'¥ was achieved by
the oxidative quenching of a photocatalyst.

Direct photoexcitation of a titanium reagent is another attrac-
tive tool for the generation of low-valent titanium compounds
(Scheme 1B). This was utilized by Gansauer and Flowers II in
the reductive cleavage of epoxides.’? Photoexcitation of
Cp.Ti"VCl, complex enabled its reduction to Cp,Ti"'Cl with a
very mild reducing agent, diisopropylethylamine. Subsequent
ring-opening of an epoxide by Ti" complex proceeded regiose-
lectively at the more substituted carbon because this led to a
more stable radical intermediate. Alternatively, photoexcitation
of titanium compounds can lead to Ti'V-X bond homolysis,
which delivers Ti™ and X: radical. Iwasawa described deoxy-
genative dimerization of benzylic alcohols promoted by a Ti™
reagent generated by the light-driven homolysis of Ti'V-OiPr
bond. Photolysis of Ti-Cl bond was deployed by Mitsunuma
and Kanai®* as well as by Walsh and Schelter® in C-H function-
alization of alkanes. In these approaches, both Ti" and chlorine
radical were essential for the reactions. While chlorine radical
abstracted H-atom from the substrate, Ti'! species were neces-
sary in the subsequent Giese addition stage for the reduction of
radical center to anion. In our group, a light-promoted cross-
coupling of alkyltitanium alkoxides with organic halides was
recently developed.'® The reaction proceeded through the light

induced Ti-C bond homolysis and then both alkyl radical and
Ti™ species were engaged in the nickel catalytic cycle.

Scheme 1 Reduction with low-valent titanium compounds
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Here, we report that under visible light irradiation, the in situ
generated alkyltitanium alkoxides are efficient reagents for the
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reduction of epoxides 1 to alcohols 4 (Scheme 1C). Hydroxyto-
sylates 2 can also be reduced under the same conditions afford-
ing alcohols 5. Both these reactions begin with a nucleophilic
substitution step and follows by the dehalogenation of interme-
diate 3 with photoexcited low-valent titanium species. There-
fore, the reduction of epoxides proceeded at the less substituted
bond in the ring, which is opposite to the common regioselec-
tivity in Ti"-promoted reactions.

First, we found that blue-light-promoted reduction of epoxide
6a with methylmagnesium iodide and Ti(OiPr)s in THF at am-
bient temperature delivered secondary alcohol 7a in a high 89%
yield (Table 1, entry 1). Ester group in the substrate was non-
reactive under these conditions. The experiment in dark led to
iodohydrin 8a in 90% yield indicating that the reaction begins
with regioselective nucleophilic ring-opening of the epoxide at
the more sterically available carbon (entry 2). When this reac-
tion mixture was further subjected to blue light irradiation, sec-
ondary alcohol 7a was formed in 81% yield (entry 3). Notably,
direct reduction of the epoxide by an alkyltitanium alkoxide is
also possible. When a halogen-free dibutylmagnesium was used
instead of methylmagnesium iodide, regioselectivity of the
ring-opening became the same as in Ti"'-promoted reactions.
Primary alcohol 10a became a major product forming in 75%
yield along with 20% of secondary alcohol 7a (entry 4). The
presence of a Grignard reagent was crucial for the dehalogena-
tion. When Mgl, was used instead of MeMgl, only iodohydrine
8a was isolated (entry 5). Two-fold decrease of the light inten-
sity led to a little decline in both yield and regioselectivity (en-
try 6). UV/vis spectroscopy revealed that the titanium reagent
absorbs broad spectrum of UV and visible light without any dis-
tinct absorption peak (see SI). This suggested that other than
blue light source can also promote the reaction. Indeed, upon
irradiation with fluorescent light, product formed in 71% yield
(entry 7). Changing the solvent to ether caused significant de-
crease in yield of 7a to 61% (entry 8). Unexpectedly, when the
reduction was carried out in isopropyl acetate, ester product 9a
was obtained in a good 72% yield. Its formation was a result of
transesterification of the solvent with 7a catalyzed by the tita-
nium alkoxide (entry 9). The use of methylmagnesium bromide
instead of methylmagnesium iodide caused a slight decrease in
yield and regioselectivity (entry 10). This experiment indicated
that not only iodohydrine but also bromohydrine intermediates
undergo efficient photochemical reduction with methyltitanium
isopropoxide. When ethylmagnesium iodide was employed in-
stead of methyl Grignard reagent, the yield of 7a declined to
60% (entry 11). Moreover, the reaction was accompanied by
Kulinkovich cyclopropanation of the ester unit and deoxygena-
tion of epoxide to alkene. Only trace amounts of cyclopropana-
tion by-products were observed when isopropylmagnesium io-
dide or n-butylmagnesium chloride were used, but the outcome
of the reaction was worse than under the standard conditions
(entries 12-13). The most reproducible results were obtained
when 2 equivalents of methylmagnesium iodide and 3 equiva-
lents of titanium isopropoxide were employed. Decreasing the
relative amounts of titanium isopropoxide led to significant de-
cline of the yield (entries 14-15). When 1 equivalent of methyl-
magnesium iodide was used, the yield lowered insignificantly
to 80% (entry 16).

Table 1. Optimization of the reaction conditions

o OH OH 0OAc
2 eq.MeMgl, 3 eq. Ti(O/Pr), :\J\/' J\
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6a 7a 10a

Entry Deviation from the standard conditions Yield of 7a*
(7a:10a)°

1 - 89% (99:1)

2 No light 0%; 90% of 8a

3 No light (12h) then blue LEDs (15h) 81% (99:1)

4 nBuxMg 20%; 75% of 10a

5 Mgl instead of MeMgl 0% 69%° of 8a

6 20W Blue LED light source 85% (97:3)

7 15W CFL bulb 71% (98:2)

8 in Et2O 61% (91:9)

9 in iPrOAc 4%; 72%° of 9a

10 MeMgBr 81% (87:13)

11 EtMgl 60%¢ (100:0)

12 iPrMgl 70% (100:0)

13 nBuMgCl 73 % (84:16)

14 2 eq MeMgl, 2 eq Ti(OiPr)s 68% (96:4)

15 2 eq MeMgl, 1 eq Ti(OiPr)s 43% (89:11)

16 1 eq MeMgl, 2 eq Ti(OiPr)s 80% (95:5)

INMR yields; 4-bromoanisol was used as an internal standard. *De-
termined by GC analysis. “Isolated yield. ‘Alkene and cyclopropa-
nol formed in 9% and 27% yields.

Having optimized the reaction conditions, we investigated
the scope of photochemical reduction (Scheme 2). Not only es-
ter but also amide, nitrile and sulfone groups were tolerated and
products 7a, 7b-d were isolated in 90% (500 mg, 2.07 mmol
scale), 59%, 46% and 72% yields, respectively. Diol 7e was
successfully prepared in 75% yield from the epoxide bearing an
unprotected hydroxyl moiety. While a halide group in the halo-
hydrin intermediate underwent smooth reduction, remote bro-
mide moiety in 6f was non-reactive and 7f was isolated in a high
83% yield. Epoxide 6g containing acetal protecting group re-
acted smoothly delivering 7g in a good 75% yield. Non func-
tionalized epoxide with a long linear hydrocarbon chain was
transformed to alcohol 7h in a moderate 54% yield. Being reac-
tive with Ti" complexes, alkene and alkyne units did not inter-
fere with the reduction and corresponding alcohols 7i and 7j
were isolated in 61% and 64% yields, respectively. 1,1-Disub-
stituted epoxide bearing a silyl protecting group was efficiently
reduced to tertiary alcohol 7k. Both mono- and bicyclic 1,2-di-
substituted epoxides underwent smooth reduction giving alco-
hols 71 and 7m in 68% and 66% yields. Next, we studied reduc-
tion of a,B- and PB,y-epoxy alcohols to diols. 1,2-Diol 7n was
prepared regioselectively from the 1,1-disubstituted epoxide in
52% yield. Reduction of linear epoxy alcohol 6n delivered an
inseparable 3.2:1 mixture of 1,2- and 1,3-diols 70 and 7p in
65% overall yield. Conversely, reduction of linear B,y-epoxy al-
cohol 6p proceeded with good regioselectivity affording 1,3-
diol 7p in 75% yield. The same product was obtained by the
reduction of 2-iodododecan-1,3-diol in 67% yield. Proximity
of hydroxyl group was crucial for the dehalogenation.
Deiodination of 11a, which lacks the directing group, pro-
ceeded incompletely furnishing alkane 12a in 37% yield only
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and 43% of the recovered starting material. Iodide 11a can be
also generated in situ from the corresponding mesylate under
the reaction conditions. This experiment led to alkane 12a and
iodide 11a in 25% and 40% yields, respectively. Increasing the
reaction time and amounts of methyltitanium reagent did not
allow us to achieve the complete reduction. When a more reac-
tive allyl iodide was tested, dimerization product 13 was iso-
lated instead of the expected dehalogenated hydrocarbon. A to-
sylate with directing hydroxyl group at B-position underwent
smooth reduction like it was observed for a-halohydrins. Alco-
hol 12¢ was isolated in high 90% yield from the corresponding
3-hydroxytosylate 11¢. Dehalogenation of aryliodide 11d that
bears a directing hydroxyl group also proceeded efficiently giv-
ing benzyl alcohol 12d in a high 91% yield. Control experi-
ments revealed that presence of the directing group was crucial
for the reaction, but reduction of the aryl iodide group in 11d
was not photochemical and proceeded with the same efficiency
in dark.

Scheme 2 Scope of the photochemical reduction
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To gain insight into mechanism of the dehalogenation step,
we carried out additional control experiments (Scheme 3). Re-
duction of iodomethyl cyclopropane 14 under the standard con-
ditions gave ring-opening product 15 in 66% yield indicating
the formation of alkyl radical intermediates. Such a radical

could further undergo oxidative addition to a Ti™ complex or

abstract H-atom from another molecule. D,O quenching of the
reaction mixture after epoxide 6h reduction gave no deuterated
product, which showed that HAT follows by the radical for-
mation. Reaction in THF-d® gave no deuteration product as
well. Finally, we detected 28% incorporation of the isotopic la-
bel in 7h when titanium alkoxide 16 was used instead of
Ti(OiPr)4. This outcome indicated that isopropoxy group served
as a H-donor like it was previously observed by Okamoto.'”
Next, we studied stability of the alkyltitanium reagent under the
reaction conditions. When a mixture of nonylmagnesium iodide
17 and titanium isopropoxide was irradiated for 15 h and then
quenched with D,0, a mixture of deuterated nonane 18, nonane
19, nonene 20 and dimerization product 21 were formed in
0.8:1:0.6:1 ratio. Formation of the deuterated alkane 18 in a
low 24% yield indicated that only minor amounts of the alkylti-
tanium isopropoxide remained in the solution, while formation
of hydrocarbons 19-21 suggested that the alkyl ligand reduced
Ti'"V center to Ti". Remarkably, the ratio of hydrocarbons 18-
21 was almost the same in the identical control experiment run
in the dark. This result suggested that the formation of Ti'™ spe-
cies was not photochemical and the light-promoted step was
likely to be alkyl iodide reduction with low-valent titanium spe-
cies. A control experiments with the equimolar amounts of
methylmagnesium iodide confirmed this assumption. First, the
in situ generated methyltitanium isopropoxide was stirred over-
night in dark or under the blue light irradiation. Then, epoxide
6a was added to both experiments and the reactions were further
subjected to visible light irradiation. Both reactions delivered
product 7a in similar yields. Considering that most of the al-
kyltitanium reagent decomposed during the first stage of the ex-
periments, high 81% and 86% yields of 7a suggested that visi-
ble light is likely activate Ti" species during the dehalogenation
step. Next, we found that light also assisted direct reduction of
epoxide 6a to primary alcohol 10a by the low-valent titanium
species generated in the absence of halide anions. It was not
vital like in the dehalogetation reaction, but the reductive ring-
opening of 6a with Ti(OiPr)s and Bu,Mg in dark proceeded sig-
nificantly less efficient giving 10a along with recovered 6a in
13% and 67% yields, respectively.

Based on the control experiments, we proposed a mechanism
of the reduction. First, Ti'"V center in alkyltitanium alkoxides un-
dergoes reduction by the alkyl ligand to Ti'" species. Then, io-
dohydrine 22 formed by the nucleophilic ring opening of the
epoxide substitutes isopropoxide ligand in Ti"" alkoxide. Under
visible light irradiation, one electron reduction of a pendant io-
dide group by Ti™ center occurs in 23. Next, hydrogen transfer
from isopropoxyde unit to the primary radical center in 24 leads
to intermediate 25. Its further transformation remains unclear,
but it is likely that 25 undergo the pinacol coupling. Formation
of ketone like it was reported by Okamoto'” is unlikely because
we detected only trace amounts of this product in the reduction
of 6h by MeMgl and titanium alkoxide 16. We also did not ob-
serve a product of the Grignard reagent addition to the ketone.
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Scheme 3 Control experiments and plausible mechanism
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In conclusion, we have found that 1,2- and 1,3-haloalcohols un-
dergo efficient light-induced hydroxyl-directed dehalogenation
by low-valent titanium species generated from methylmagne-
sium iodide and titanium(IV) isopropoxide. The reaction was
successfully utilized for the reduction of epoxides and hydrox-
ytosylates to alcohols. These substrates first underwent nucleo-
philic substitution under the reaction conditions and then the
dehalogenation step. Mechanistic studies revealed that alkylti-
tanium reagent undergoes decomposition delivering low-valent
titanium complexes that further reduce the halide group under
irradiation with visible light.
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