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Abstract—Photoirradiation of reaction mixtures, with a xenon lamp in the UV-vis domain, facilitates the titanocene(I1l) mediated
reduction of some organic halides. The substrates studied include ®-halo-a,B-unsaturated esters and a 6-iodohexose derivative.
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Bis(cyclopentadienyl)titanium(IIT) chloride is a well
known titanocene(I1T) reagent, that is, useful in promot-
ing radical carbon—carbon bond formation. Many of the
reported reactions involve either carbonyl compounds
or epoxides as radical precursors;! alkyl halides have
attracted less attention. Alkyl and aromatic halides are
reduced with the more reactive reagents Cp,TiBH,>
and [Cp,Ti"Bu,] MgCl".3 Olefins are formed by the
Cp,TiCl reduction of 1,2-dibromides* and the reduction
of glycosyl halides with Cp,TiBH4 or Cp,TiCl gives
either anhydroalditols,® glycals® or C-glycosidic com-
pounds.”-8 Allyl and benzyl halides, as well as a-halocar-
bonyl compounds, are reduced by Cp,TiCl at room
temperature but unactivated alkyl halides were found
to be inert under these conditions.”!° The growing inter-
est in using Cp,TiCl as a selective titanocene(I1I) reduc-
ing agent in organic synthesis has been attributed, in
part, to its apparent requirement for alkyl halide activa-
tion as well as to the broad range of functional groups
tolerated by this reagent.!! This report summarizes
results from our laboratory on the feasibility of using
Cp,TiCl to mediate intramolecular carbon—carbon bond
formation, under photoirradiation conditions, using
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functionalized alkyl halides as radical precursors.
Although photoirradiation of some organometallic
compounds is known to facilitate electron transfer
to organic substrates,'>'® the use of UV-vis light
as a promoter for Cp,TiCl mediated cyclizations of
unsaturated halides has not, to the best of our knowl-
edge, previously been described in the literature.'*

We began our study with alkyl halides 1 and 2. Both
compounds contain a neighboring acetoxy group and
a pendant Michael acceptor and reaction with excess
Cp,TiCl could conceivably give rise to either the reduc-
tive cyclization products 4a and 4b, the acyclic B-elimi-
nation product 5, or the simple acyclic reduction
compound 6. The reaction of 3 with Cp,TiCl was also
investigated to determine if reduction of the conjugate
ester might be competitive with carbon-halogen bond
reduction.

In this letter, for the sake of simplicity, we have used
Cp,TiCl to represent the mixture of Ti(IIl) species pre-
sent in THF solutions of titanocene(Ill) reagents pre-
pared by either the reduction of Cp,TiCl,, with Al or
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Ou,

Zn," or by ligand exchange from CpTl and TiCls.!67
Work from other groups has demonstrated that Cp,TiCl
prepared in situ is synthetically useful and that isolation
of this air sensitive reagent, prior to reaction with
organic substrates, is not required.'® The in situ reagent
prepared from Cp,TiCl,/Zn is particularly interesting in
that it is inexpensive and nontoxic. The Cp,TiCl solu-
tions were all filtered before use. This step is important
for the Cp,TiCl,/Zn preparations as activated zinc alone
reacts with 1 to give a mixture of compound 5 and com-
pounds 4a and 4b.'° The reaction of 1 with the various
Cp,TiCl solutions is chemoselective, giving only the
cyclized products, but is incomplete after 6.5h under
ambient temperature and lighting conditions—even
when a large excess of reagent is used (Table 1, entries
a and b). We saw no evidence of competition between
reduction of the carbon-iodine bond and of the conju-
gated ester.’’ Although reductions of 1 with excess
Cp,TiCl prepared from either Cp,TiCl,/Al or
Cp,TiCl,/Zn were incomplete under ambient conditions,
benzyl chloride was efficiently reduced with our in situ
generated reagents (vide infra). At the time the reactions
of 1 were stopped, the mixture was still the characteristic
green color associated with Cp,TiCl in THF.?! Increas-
ing either the quantity of Zn used to reduce Cp,TiCl, or
the time of contact between Zn and Cp,TiCl, prior to
filtration did not dramatically improve our results. The
reduction of PhCH,Cl to bibenzyl (86% yield) with iso-
lated Cp,TiCl (prepared from Cp,TiCl, and Al) was
reported a number of year ago;'° this reaction was a useful
test of the quality of our in situ prepared reagents. Both
the Zn and the Al methods were satisfactory.?> The
Cp,TiCly/Al reactions gave slightly better results but
were not easy to run due to difficulties with consistent
Al activation. The UV-vis spectra of our Cp,TiClI solu-
tions are included with the Supplementary information
of this letter.

We found that photoirradiation of reactions mixtures of
1 and titanocene(I11), prepared from either Cp,TiCl,/Zn
(entries d—f) or CpTl/TiCl; (entries g and h), was benefi-
cial.??> We isolated the cyclized products 4a and 4b in
82% and 78% yields as a 2.6:1 mixtures of isomers. A
150W xenon lamp was used as the light source.
Broad-band UV-vis light (250-950nm) was more effec-
tive than visible light alone. The diastereoselectivity
for the Ti(IIT) mediated reductive cyclization of 1 is
similar to that previously observed for cyclizations
mediated by either Sml,/visible light at rt (2.3/1.0) or
Bu;SnH (1.9/1.0) but is significantly lower than that of
the corresponding SmI,/HMPA mediated cyclization
(16/1.0).2*25 The reactions of halides 2, 7, 12, 15, and
17 with Cp,TiCl solutions prepared from Cp,TiCl,/Zn,
both in the dark and under the photoirradiation condi-
tions that had been successfully used for compound 1,
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were also examined to better understand the limitations
and the issues of chemoselectivity and stereoselectivity
associated with these reactions. As expected, the
bromide substrate 2 is less reactive than 1 and, while
photoirradiation did increase the ratio of cyclized prod-
ucts:unreacted starting material, we did not see the same
level of rate enhancement as for iodide 1 (entries i—k).
Changing the hydroxyl protecting groups of 1 from ace-
tyl to a cyclic acetal (7) gave a slower reacting substrate
(entry n). In an unsuccessful attempt to improve the
reaction efficiency we increased the concentration of
substrate 7 (entry o). However, under these conditions
B-elimination becomes competitive with reductive cycli-
zation. Reaction products were isolated as their depro-
tected derivatives 9, 10, 11a, and 11b.*

There was no reaction between 6-iodo-1-phenylhex-1-
yne (12) and Cp,TiCl after 6h at rt in the dark; a portion
of the iodoalcyne was reduced, however, under the pho-
toirradiation conditions (UV-vis, 6h). GC-MS analysis
of the crude reaction mixture after workup indicated the
presence of benzylidenecyclopentane (14), 1-phenylhex-
I-yne (13) and starting material 12 in a 39:3:58 ratio.
The ratio of radical cyclization product: simple reduc-
tion product (14:13) is similar to that observed for the
reaction of 12 with SmI,/DMPU.2¢

Compound 15 shares some of the characteristics of sub-
strate 1 but it lacks a Michael acceptor. In the absence of
a radical trap, reductive elimination, to give the vinyl
compound 16, is the predominant reaction pathway.
We detected a higher percentage of 16 in reaction mix-
tures that have been photoirradiated; the CpTl/TiCl;
reagent gave slightly better results than the reagent pre-
pared from Cp,TiCly/Zn (entries p-s). Finally, the
reduction of 17 with Cp,TiCl was examined. The reac-
tion of 17 with both Sml, and Bu;SnH has previously
been studied in our laboratory.?” Under some SmlI, con-
ditions?® reduction of the y-oxygenated conjugated ester
(to give 18) competes with reduction of the carbon-halo-
gen bond, however we found no evidence of 18 in our
Ti(II) reaction mixtures. Although there was almost
no reaction between 17 and Cp,TiCl in the dark, the
reaction run under the photoirradiation conditions gave
a 62:3:34 mixture of 19b:19a:17 (entries t and u).

In general, the Cp,TiCl mediated reductive cyclizations
described in this paper are not more efficient nor more
stereoselective than the corresponding reactions with
Sml, or Bu;SnH. The reagent prepared from
Cp,TiCly/Zn is however less expensive and is nontoxic.
Our preliminary results demonstrate that photoirradia-
tion of Cp,TiCl reaction mixtures enhances the reacti-
vity of this mild single electron-transfer reagent; this
relatively simple modification may prove useful for
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Table 1. Influence of UV-vis light on Cp,TiCl reductions of various organic halides
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Entry Method and substrate Conditions® Ratio of s.mat:products Isolated products (% yield)®
in crude extract®

a Cp,TiCly/Zn? 1 Ambient, 6.5h 1:4a + 4b (72:28) —

b Cp,TiCly/Zn 1 Ambient, 6.5h 1:4a + 4b (54:46) —

c Cp,TiCly/Al 1 Ambient, 6.5h 1:4a + 4b (48:52) —

d Cp,TiCl,/Zn 1 Dark, 2.5h 1:4a + 4b (80:20) —

e Cp,TiCly/Zn 1 Visible light, 2.5h 1:4a + 4b (71:29) —

f Cp,TiCl,/Zn 1 UV-vis light, 2.5h 1:4a + 4b (4:95) 4a (59), 4b (23)

g CpTVTiCly 1 Dark, 6h 1:4a + 4b (65:35) —

h CpTl/TiCly 1 UV-vis light, 6h 1:4a + 4b (1:99) 4a (56), 4b (22)

i Cp,TiCl/Zn 2 Dark, 2.5h 2:4a + 4b (95:5) —

] Cp,TiCly/Zn 2 UV-vis light, 2.5h 2:4a + 4b (82:18) —

k Cp,TiCly/Zn 2 UV-vis light, 6h 2:4a + 4b (71:29) 2 (56), 4a (12), 4b (5)

1 Cp,TiCly/Zn 7 Dark, 2.5h 7:8a + 8b (77:23) —

m Cp,TiCly/Zn 7 UV-vis light, 2.5h 7:8a + 8b (62:38) —

n Cp,TiCl,/Zn 7 UV-vis light, 6h 7:8a + 8b (44:56) 7 (37), 8a (16.5), 8b (26.5)

o Cp,TiCl,/Zn* 7 UV-vis light, 6h —° 9 (9), 10 (10), 11a (16.5), 11b (16.5)

p Cp,TiCly/Zn 15 Dark, 6.5h 15:16 (94:6) —

q Cp,TiCl,/Zn 15 UV-vis light, 6.5h 15:16 (74:26) 15 (51), 16 (19)

r CpTl/TiCls 15 Dark, 6h 15:16 (97:3) —

s CpTV/TiCls 15 UV-vis light, 6h 15:16 (45:55) 15 (42), 16 (48)

t Cp,TiCly/Zn 17 Dark, 6.5h 17:19a:19b (99:0:1) —

u Cp,TiCl,/Zn 17 UV-vis light, 6.5h 17:192a:19b (34:3:62) 17 (25), 19b (49)

% Ar atmosphere, rt; [substrate] in THF = 0.008 M (Cp,TiCl, prep) or 0.01 M (CpTI/TiCl; prep and entries a—c). An excess of Ti(IIT) reagent was used
(8equiv based on the s.mat) except for entry a (2equiv). A xenon lamp was used for photoirradiation exps.
® Determined by GC-MS after workup and before chromatography; neither diastereoisomers 4a and 4b nor 8a and 8b were separable using our

method.

“Isolated yields after chromatography on silica gel. Compounds 4a and 4b, as well as isomers 8a and 8b and isomers 11a and 11b, were isolated as
diastereomeric mixtures; the yields reported for each isomer were calculated using NMR ratios.

9 Reaction was run at [7] = 0.024 M.
¢ Compounds 7, 8a, and 8b were not detected in crude after workup.

other types of Cp,TiCl mediated reductions. For the
examples discussed in this letter, the increased reactivity
occurred without concomitant loss of chemoselectivity.
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