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Visible-light-mediated conversion of alcohols

to halides

Chunhui Dai, Jagan M. R. Narayanam and Corey R. J. Stephenson*

The development of new means of activating molecules and bonds for chemical reactions is a fundamental objective for
chemists. In this regard, visible-light photoredox catalysis has emerged as a powerful technique for chemoselective
activation of chemical bonds under mild reaction conditions. Here, we report a visible-light-mediated photocatalytic alcohol
activation, which we use to convert alcohols to the corresponding bromides and iodides in good yields, with exceptional
functional group tolerance. In this fundamentally useful reaction, the design and operation of the process is simple, the
reaction is highly efficient, and the formation of stoichiometric waste products is minimized.

organic reactions'? because of the lack of absorbance of

visible light by organic compounds. This means that the
side reactions often associated with the use of high-energy UV
light are minimized®*. Photocatalysts such as Ru(bpy),Cl, (bpy =
2,2'-bipyridine) offer a means to selectively functionalize organic
molecules; however, their use in initiating chemical reactions rel-
evant to organic chemistry has been, until recently, very limited®.
In 2008, work on asymmetric aldehyde alkylations (MacMillan)®
and formal [2 4 2] cycloaddition reactions (Yoon)” demonstrated
that visible-light photoredox catalysis was capable of initiating
powerful transformations in organic synthesis. The development
of new ways of activating molecules for chemical reactions is a fun-
damental objective in chemistry, both for target-oriented® and
method-driven®!? purposes. In particular, the development of new
methods in catalysis has brought to light new reactivity and/or
selectivity for synthetic transformations!!~1>. These selective pro-
cesses enable the synthesis of complex molecules without the neces-
sity for protective groups'® or unnecessary redox manipulations'”!8,
Visible-light photoredox catalysis represents another mode of
selectively activating organic molecules towards chemical trans-
formations, and it has recently been shown to be applicable to a
variety of complex synthetic reactions'®-%>. We have been particu-
larly interested in using photoredox catalysis as a new means to acti-
vate carbon-halogen and carbon-hydrogen bonds via the reductive
quenching pathway available to photoredox catalysts.

The transformation of alcohols to the corresponding halides is
one of the most widely used reactions in organic synthesis. Several
methods are available, making use of various stoichiometric
reagents including thionyl chloride?, phosphorous halides?”?3, phe-
nylmethyleniminium?®®, ~ benzoxazolium®,  Vilsmeier-Haack
reagents®!, Viehe’s salts®> and cyclopropenium ions®>. However,
these methods often require advanced preparation of the reagents
or harsh conditions. The mildest of these transformations, the
Appel reaction, uses PPh; in combination with an electrophilic
halogen source such as CCl,, CBr, or I,. Furthermore, triphenyl-
phosphine, and related compounds, are among the most ubiquitous
reagents in organic synthesis, functioning as two-electron reduc-
tants in the Mitsunobu, Wittig and Staudinger reactions, and in
the conversion of alcohols to halides. It is also one of the least
atom-economical reagents*, often affecting just a single atom
replacement during the course of a reaction. In addition, the

\/isible—light sensitization is an attractive means to initiate

stoichiometric waste by-product triphenylphosphine oxide is often
difficult to remove from the reaction mixture. Supported phosphine
reagents can be used to alleviate the purification issue®; however,
these reactions still generate stoichiometric waste by-products.
Given the wide variety of reactions that can be accessed using
these reagents, the innovation of catalytic methods is a primary
goal for the development of environmentally friendly chemical
approaches for the nucleophilic substitution of alcohols®.

In this Article, we report a mild and operationally simple method
for the transformation of alcohols to the corresponding bromides
and iodides using 1.0 mol% of a visible-light-activated photocata-
lyst. Specifically, with respect to both reaction efficiency and sub-
sequent reaction purification, the minimization of stoichiometric
chemical waste makes this method an industrially viable and
green alternative to the existing methodologies (Fig. 1).

Exploring new reactivity concepts in the area of photoredox
catalysis is an integral part of our ongoing research endeavours.
Recently, we have demonstrated the reductive dehalogenation of
activated C-X bonds using the visible-light-activated photoredox
catalyst Ru(bpy),Cl,. We further expanded the scope of photoredox
catalysis in C-C bond-forming reactions via intra- and intermolecu-
lar radical addition onto indoles, pyrroles and olefins*>** and oxi-
dative aza-Henry reaction of tetrahydroisoquinolines®. All of
these transformations proceed through the reductive quenching of
the excited catalyst [Ru(bpy),>™* or Ir(ppy),(dtbbpy)*] and rely
upon the strong reducing properties of Ru(bpy); " or Ir(ppy),(dtbbpy)
[ppy = 2-phenylpyridine; dtbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine].
Although oxidative quenching of Ru(bpy),>** provides the strong
oxidant Ru(bpy),”" (1.27V vs. saturated calomel electrode
[SCE])>, it has found very limited application in organic
synthesis®”~*. This deficiency has also been noted in a recent com-
munication by the Yoon group detailing the intramolecular [2 + 2]
cycloaddition of electron-rich styrenes using the oxidative quench-
ing cycle’®. Recent research has shown that reduction of tetra-
halomethanes (CCl, and CBr,) in dimethylformamide (DMF)
using super stoichiometric quantities of Fe and Cu powder can
convert alcohols into the corresponding halides via a Vilsmeier—
Haack type reagent (Fig. 1)*1. We therefore envisioned that
catalytic generation of Vilsmeier-Haack reagents could be achieved
under mild conditions through the oxidative quenching of
Ru(bpy),”** with polyhalomethanes CBr, (E, 2="—030V ws.
SCE)* or CHI, (E, =049V s SCE)* in DMF, which
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Figure 1 | Phosphine-free halogenation of alcohols using visible-light
photoredox catalysis. Design of a catalytic Appel reaction using visible-light
photoredox catalysis. Encouraging literature was authored by Léonel and
coworkers on the stoichiometric metal-mediated reduction of
polyhalomethanes for the generation of alkyl halides from alcohols. The
photoredox catalyst, Ru(bpy);Cl, replaces stoichiometric PhsP in the
halogenation reaction. DMF = N,N-dimethylformamide.

eventually serves to activate the alcohol for a nucleophilic substitution
reaction. In this case, substitution by a nucleophilic halide would
provide a phosphine-free halogenation of alcohols using commercially
available and easily handled reagents, which can be manipulated
on the bench without the need for specialized equipment.

Results

To test our hypothesis, we used carbon tetrabromide as both the
halogen source and oxidative quencher in the photocatalytic cycle.
We were delighted to find that visible-light irradiation (blue light-
emitting diode (LED), A, =435 nm) of alcohol 1a (0.5 mmol)
and CBr, (2.0 equiv.) in DMF in the presence of Ru(bpy),Cl,
(1.0 mol%) at 25 °C for 5 h furnished the corresponding bromide
2a in 70% isolated yield. Further optimization of the reaction
found that the addition of an external halide source, such as NaBr
(2.0 equiv.), improved the yield to 90% (Fig. 2).

However, a solvent screen, including CH,CN, tetrahydrofuran
(THF) and CH,Cl,, failed to afford the desired product in any
appreciable yield. Meanwhile, control reactions also showed that
rigorous exclusion of light or the absence of Ru(bpy),Cl, failed to
produce any bromide product at room temperature. Low reactivity
(<20% conversion) was observed without Ru(bpy),Cl, only if the
reaction was heated at 80 °C for 12 h, presumably due to the liber-
ation of HBr. These results support the necessity of the photoredox
catalyst in the observed halogenation reaction.

The scope of the reaction under optimized conditions was
explored using a set of alcohols (Table 1). Primary alcohols
(entries 1-11) were smoothly transformed to their corresponding
bromides with 77-98% yields. The reaction is highlighted by out-
standing functional group tolerance and can be carried out in the
presence of ethers (entries 1-3), silyl ethers (entry 11), alkenes
(entries 3-5), alkynes (entry 9), carbamates (entries 5-8), esters
(entries 6, 12) and phenols (entry 10). Acyclic, secondary alcohols
were also viable substrates for the bromination reaction (entries
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12 and 13), although the reaction rate was attenuated compared
to primary alcohols. Interestingly, the use of cyclic secondary
alcohol 1o resulted in the isolation of formate ester 40 as the sole
product, even after a prolonged reaction time (24 h), providing
information on potential reactive intermediates produced during
the course of the reaction (vide infra).

With the success of the bromination of alcohols, we next focused
on the complementary iodination reaction. To achieve iodination,
we simply changed the halogen source from carbon tetrabromide
to iodoform. Transformation of alcohols (entries 15-20) to their
corresponding iodides was achieved in similar yields as for bromina-
tion. As well as the good yields and wide scope of this process, func-
tional group tolerance was also remarkable. As presented in Table 1,
alkynes, alkenes (including sensitive cis-allylic alcohols), acid-sensi-
tive trisubstituted alkenes, electron-rich aromatics, carbamates, sul-
fonamides and esters were not affected under the conditions. Acid-
sensitive functional groups such as tert-butyl carbamates and silyl
ethers were also tolerated if 2,6-lutidine was added. The success of
the reaction in the presence of these acid-labile protective groups
makes this method very attractive and competitive with known
methods for the transformation of alcohols to halides.
Furthermore, it is also noteworthy that the halogenations can be
conducted on gram scales. In this case, tetrabutylammonium
bromide was used instead of sodium bromide to improve the solu-
bility in DMF. The bromination of alcohol 1¢ produced bromide 2¢
in nearly identical yield compared with discovery-scale experiments,
further demonstrating the efficiency of the Ru(bpy),Cl,/CBr,
photocatalytic system.

Mechanistic investigation and discussion
A key piece of mechanistic evidence was obtained from the observed
formate ester product 4o (Table 1, entry 14). Indeed, premature
quenching of the reaction of primary alcohols also led to the iso-
lation of formate ester by-products. To delineate the source of the
formate ester, we subjected alcohol 1f to the bromination conditions
in DMF-d, and stopped the reaction after 4 h (Fig. 3a). Together
with the unconsumed starting material, the reaction provided a
mixture of bromide 2f and formate ester 4f, with 100% deuterium
incorporation. This result indicates that DMF is involved in this
photocatalytic transformation, and the reactive intermediate generated
may be an iminium species derived from the reaction of the alcohol
with an in situ generated Vilsmeier-Haack reagent. Furthermore,
the prolonged reaction times required for secondary alcohols in com-
parison to primary alcohols suggest that the reaction proceeds via an
S\2 pathway. This hypothesis was also supported by the isolation of
formate ester 40, and none of the desired bromide, when 1o was
exposed to the same reaction conditions. The increased steric
demand of the cyclic alcohols appears to preclude the Sy2 pathway.
Léonel has proposed a carbene mechanism, consistent with their
data, to account for the halogenation of alcohols using the
Fe/Cu/CBr, system®. However, evidence collected to date for
photoredox reactions related to the chemistry in this paper are con-
sistent with single-electron processes and the corresponding radical
reactions. Indeed, we have found that CBr, quenches the Ru(bpy),>*
excited state, as indicated by luminescence quenching experiments
(Stern-Volmer constant, K, =144M '), to provide the

Ru(bpy);Cl, (1.0 mol%)
WOH CBr, (2.0 equiv.) ©/\ABF
DMF, blue LEDs,
1a 25°C, 5h: 70% 2a
Addition of NaBr (2.0 equiv.): 90%

Figure 2 | Ru(bpy);Cl, catalysed bromination of alcohol 1a. The reaction
afforded bromide product 2a in 70% vyield without an external halide source.
With the addition of 2.0 equiv. NaBr, the yield was improved to 90%.
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Table1 | Conversion of alcohols 1 to bromides 2 or iodides 3 using photoredox catalysis.

Ru(bpy);Cl, (1.0 mol%)

)Ri CBry (2.0 equiv.) or CHI, (2.0 equiv.) )Ri
Ry OH NaBr (2.0 equiv.) or Nal (2.0 equiv.) Ry X
DMF, blue LEDs, 25-30°C, 5-15h
1 2 (X=Br)or3(X=1)
Entry Substrate Product Yield (%)* Entry Substrate Product Yield (%)*
Bromination Examples n A~ ~_OH A~ ~~BT 86*
TBDPSO TBDPSO
1 21
1 /@/\AOH /@/\ﬂBr 90 12 OH Br 86
MeO MeO O mo\
o o
1b 2b
im 2m
2 B o B1O & 98 (96)' 13 75
OH Br
1c 2c
1n 2n
3 BnOUOH BnOUBr 78 14 OH OCHO 928
1d 2d
1o 4o
4 Ls NTS 77 lodination Examples
NS 0H NNy
1e 2e
N NS
5 2o - 83 15 @/\/\OH Q/\/N 91
NHCbz NHCbz G 1S
1f 2f 1b 3b
o o o. OH o |
MeO J\/\OH Meo)J\A Br /©/ /©/
H : HO HO
NHCbz NHCbz
1g 2g 1P 3p
7 CbzHN "> OH CbzHN" > Br % 17 CbzHN "> OH chzin” > I 9
1h 2h 1h 3h
8 BocHN OH BocHN Br 75% 18 65
1i 2i % %
OH I
1q 3q
9 S ° < 0 86 19 72
\\/N\/\OH \\/N\/\Br OH |
1j 2
1in 3n
SO A £
10 84 20 TBDPSO TBDPSO 78"

/©/V\ Br
HO!

2k

11

3l

*Isolated yield after purification by chromatography on SiO,; The reaction was performed on a 5 mmol scale, 14% of starting material was recovered; *2,6-Iutidine (3.0 equiv.) was added to buffer HX (X = Br, I) that
was produced; *No bromide product was observed.

tribromomethyl radical. To distinguish between the radical pathway
and a potential carbene mechanism, we conducted additional
experiments using radical traps (such as o-methylstyrene) as sub-
strates with Ru(bpy),Cl, (1.0 mol%) and CBr, (2.0 equiv.) in
both DMF and CH,CN (Fig. 3b). In CH,CN, the Fe/Cu-mediated
reaction reported by Léonel provides only the corresponding

dibromocyclopropane product, consistent with the generation of
dibromocarbene. However, using Ru(bpy),Cl,, dibromocyclopro-
pane product 6 was not observed in either solvent after 12 h.
Instead, compound 5b was the only product observed, a conse-
quence of the addition of tribromomethyl radical to styrene to
generate 5a followed by oxidation (by Ru’" or CBr,) then
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Figure 3 | Mechanistic investigation of the photocatalytic halogenation. a, 100% deuterium incorporation in 4f indicates that DMF is involved in the
transformation, and the reactive intermediate may be an iminium species derived from the reaction of alcohol with a Vilsmeier-Haack type reagent.

b, Trapping of the reactive species with a-methylstyrene (in both DMF and CH;CN) led to product 5b, indicating that the reaction is proceeding via a radical
pathway, but the lack of observation of product 6 ruled out the possibility of the carbene pathway using photocatalysis, in contrast to the Fe/Cu halogenation
system of Léonel. ¢, A plausible mechanism is proposed, starting with the oxidative quenching of Ru(bpy)32+ by CBr, to give *CBr, which combines with
DMF to form intermediate 7. Oxidation by Ru(bpy)33+ or CBr, gives the Vilsmeier-Haack type reagent, which reacts with alcohol 1 followed by nucleophilic
displacement to give bromide product 2, or upon premature aqueous workup to give formate ester 4.

elimination. These results support a mechanism of single-electron
reduction of CBr, using photocatalyst Ru(bpy),Cl, to initiate the
halogenation reaction. With respect to these results and our lumi-
nescence quenching experiments, we propose a mechanism in
which the single-electron reduction of CBr, by Ru(bpy),*™* forms
Ru(bpy),”" and °CBr,. Trapping of the electron-deficient radical
by DMF generates a highly stabilized radical 7, which can be oxi-
dized by Ru(bpy)33+ (1.27 V vs. SCE) to form the iminium inter-
mediate 8, regenerating the photocatalyst Ru(bpy),*". Alternatively,
7 can be oxidized by reaction with another molecule of CBr, as
observed in atom-transfer radical chain reactions*. At this stage,
two reasonable pathways may be considered for the formation of
product 2. The first proceeds with direct addition of alcohol 1 to
iminium 8 to form intermediate 10, which can undergo Sy2 displa-
cement by bromide to provide the final product (path A). In the
second pathway, addition of the bromide ion to 8 produces the
Vilsmeier-Haack reagent 9, which reacts with alcohol 1 to afford
the intermediate 10 (path B). In addition, COBr, is generated as
a by-product in both pathways, and it has been shown to react
with DMF to produce 9 with liberation of CO, (ref. 45), funnelling
both of the reaction pathways to the common intermediate 10,
which upon premature quenching with water can provide the
observed formate ester by-product 4 (Fig. 3c).

Although the data up to this point were consistent with an Sy2
displacement of the activated iminium ester, treatment of the
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optically pure alcohol 11 (99% e.e.) under the optimized reaction
conditions provided bromide 12 as a racemic mixture, provoking
a reevaluation of our mechanistic interpretation of this transform-
ation (Fig. 4a). However, the analysis of isolated bromide 12,
after only 35% conversion of 11, indicated that a stereospecific
displacement was occurring, as 12 was found to be still highly
optically enriched (90% e.e.). This result provided further evidence
against a solvolysis mechanism. To further satisfy our hypothesis
that an Syl mechanism was not viable, chiral HPLC analysis
(Chiralcel OD, 5% hexanes/isopropanol) of the formate ester 13
(after saponification with K,CO, in MeOH) confirmed that racemi-
zation was also not occurring at the stage of our proposed reactive
iminium intermediate. In other words, solvolysis or degenerate
displacement of the activated intermediate by DMF was not
occurring. On the basis of these observations, the activated inter-
mediate appears to be configurationally stable and racemization
can be attributed to the Sy 2 displacement of bromide in 12 with
NaBr (ref. 45). This displacement and subsequent racemization is
observed in the time-dependent loss of optical activity during the
subjection of optically enriched 12 (99% e.e.) to the reaction
conditions (Fig. 4b).

Conclusions
We have developed a catalytic, phosphine-free method for the bro-
mination and iodination of alcohols wusing visible-light

143

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/compfinder/10.1038/nchem.949_comp11
http://www.nature.com/compfinder/10.1038/nchem.949_comp11
http://www.nature.com/compfinder/10.1038/nchem.949_comp13
http://www.nature.com/compfinder/10.1038/nchem.949_comp5b
http://www.nature.com/doifinder/10.1038/nchem.949
www.nature.com/naturechemistry

ARTl C LES NATURE CHEMISTRY Dpoi: 10.1038/NCHEM.949

a References
- _ 1. Yoon, T. P, Ischay, M. A. & Du, J. Visible light photocatalysis as a greener
= approach to photochemical synthesis. Nature Chem. 2, 527-532 (2010).
OH Br 2. Narayanam, J. M. R. & Stephenson, C. R. J. Visible light photoredox catalysis:
(£)-12 (0% e.e.) applications in organic synthesis. Chem. Soc. Rev. doi:10.1039,/b913880n (2010).

0,
11(99%e.e) 100% conversion of 11 3. Hoffmann, N. Photochemical reactions as key steps in organic synthesis. Chem.

Rev. 108, 1052-1103 (2008).
4. Fagnoni, M., Dondi, D., Ravelli, D. & Albini, A. Photocatalysis for the formation

- of the C-C bond. Chem. Rev. 107, 2725-2756 (2007).
6 CHO . Juris, A. et al. Ruthenium(1) polypyridine complexes: photophysics,
Br photochemistry, electrochemistry, and chemiluminescence. Coord. Chem. Rev.

12 (90% e.e.) 13 (99% e.e.) 84, 85-277 (1988).
~35% conversion of 11 >80% conversion of 11 Nicewicz, D. A. & MacMillan, D. W. C. Merging photoredox catalysis with
organocatalysis: the direct asymmetric alkylation of aldehydes. Science 322,
b 77-80 (2008).
7. Ischay, M. A., Anzovino, M. E,, Du, J. & Yoon, T. P. Efficient visible light
photocatalysis of [242] enone cycloadditions. J. Am. Chem. Soc. 130,

Ru(bpy),Cl, (1.0 mol%)
CBr, (2.0 equiv.) 3 1288612887 (2008).
Br NaBr (2.0 equiv.) Br 8. Nicolaou, K. C. & Snyder, S. A. The essence of total synthesis. Proc. Natl Acad.
> Sci. USA 101, 11929-11936 (2004).

12 (99% e.e.) DMF, blue LEDs, 34°C 12 9. Taylor, M. S. & Jacobsen, E. N. Asymmetric catalysis in complex target synthesis.
Proc. Natl Acad. Sci. USA 101, 5368-5373 (2004).
10. Beeler, A. B., Su, S., Singleton, C. A. & Porco, J. A. Jr. Discovery of chemical

w

N

100 reactions through multidimensional screening. J. Am. Chem. Soc. 129,
R 14131419 (2007).
75 11. Beeson, T. D., Mastracchio, A., Hong, J-B., Ashton, K. & Macmillan, D. W. C.

Enantioselective organocatalysis using SOMO activation. Science 316,
582-585 (2007).

i- 50 4 A 12. Doyle, A. G. & Jacobsen, E. N. Small-molecule H-bond donors in asymmetric
o catalysis. Chem. Rev. 107, 5713-5743 (2007).
A 13. Zhang, Z. & Schreiner, P. R. (Thio)urea organocatalysis—what can be learnt
25 A from anion recognition? Chem. Soc. Rev. 38, 1187-1198 (2009).

14. Witham, C. A. et al. Converting homogeneous to heterogeneous in electrophilic
catalysis using monodisperse metal nanoparticles. Nature Chem. 2,

o 3 : ; 5 36-41 (2010).
. 15. Cong, H., Becker, C. E, Elliott, S. J., Grinstaff, M. W. & Porco, J. A. Jr. Silver
Time (h) nanoparticle-catalyzed Diels-Alder cycloadditions of 2'-hydroxychalcones.
J. Am. Chem. Soc. 132, 7514-7518 (2010).
Figure 4 | Degenerate S\2 reaction results in racemization with optically 16. Young, L. S. & Baran, P. S. Protecting group-free synthesis as an opportunity for
enriched alcohol 11. a, Racemic bromide product 12 was obtained when invention. Nature Chem. 1, 193-205 (2009).
optically pure alcohol 11 was treated with Ru(bpy)5Cl, (1.0 mol%), CBr, 17. Burns, N. Z., Baran, P. S. & Hoffmann, R. W. Redox economy in organic
(2.0 equiv.) and NaBr (2.0 equiv.) in DMF for 12 h. However, highly optically synthesis. Angew. Chem. Int. Ed. 48, 2854-2867 (2009). . .
. . . . o 18. Newhouse, T., Baran, P. S. & Hoffmann, R. W. The economies of synthesis.
enriched bromide 12 was isolated at low conversion of 11, which indicates Chem. Soc. Rev. 38, 3010-3021 (2009).
that the racemization may be due to a concomitant Finkelstein reaction. This 19, Nagib, D. A., Scott, M. E. & MacMillan, D. W. C. Enantioselective
hypothesis was confirmed by the isolation of chiral formate ester 13 at high a-trifluoromethylation of aldehydes via photoredox organocatalysis. J. Am.
conversion of 11 indicating the reactive intermediate is configurationally Chem. Soc. 131, 10875-10877 (2009). N )
stable. b, Time-dependent loss of optical activity of chiral bromide 12 implies 20. Du, J. & _Yoo_nf T. P Crossed mterm_(’lecular [2-+2] cycloadditions of acyclic
o ) enones via visible light photocatalysis. . Am. Chem. Soc. 131,
that the racemization is due to a degenerate S\ 2 reaction. 1460414605 (2009).
21. Narayanam, J. M. R,, Tucker, J. W. & Stephenson, C. R. J. Electron-transfer
photocatalysis. The reaction is highlighted by its exceptional func- photoredox catalysis: development of a tin-free reductive dehalogenation
tional group tolerance, avoidance of stoichiometric oxidized phos- reaction. J. Am. Chem. Soc. 131, 8756-8757 (2009).

phine by—products, and generation of the halogenated compounds 22. Tucker, J. W., Narayanam, I: M R., Krabbe, S. W. .&Steph.er'lson, C R.J. Electron
transfer photoredox catalysis: intramolecular radical addition to indoles and

in hlgh yields under mild reaction conditions. Mqreover, the cost- pyrroles. Org. Lett. 12, 368-371 (2010).
effective nature of Ru(bpy);Cl,, low catalyst loadings, operational 53 Tucker, . W., Nguyen, J. D., Narayanam, J. M. R., Krabbe, S. W. &

simplicity and activity under visible-light irradiation makes this Stephenson, C. R.J. Tin-free radical cyclization reactions initiated by visible light
transformation industrially valuable. photoredox catalysis. Chem. Commun. 46, 4985-4987 (2010).

24. Furst, L., Matsuura, B. S., Narayanam, J. M. R,, Tucker, J. W. & Stephenson, C. R.
Methods J. Visible light-mediated intermolecular C-H functionalization of electron-rich

heterocycles with malonates. Org. Lett. 12, 3104-3107 (2010).

25. Condie, A. G., Gonzalez-Gomez, J. C. & Stephenson, C. R. J. Visible-light
photoredox catalysis: aza-Henry reactions via C-H functionalization. J. Am.
Chem. Soc. 132, 1464-1465 (2010).

26. Larock, R. C. Comprehensive Organic Transformations 2nd edn, 689 (John Wiley
& Sons, 1999).

27. Weiss, R. G. & Snyder, E. I. Stereochemistry of chloride formation from alcohols
and thiols by use of triphenylphosphine and carbon tetrachloride. J. Chem. Soc.
Chem. Commun. 21, 1358-1359 (1968).

28. Weiss, R. G. & Snyder, E. I. Stereochemistry of displacement reactions at the
neopentyl carbon. Further observations on the triphenylphosphine-
polyhalomethane-alcohol reaction. J. Org. Chem. 36, 403-406 (1972).

29. Fujisawa, T., lida, S. & Sato, T. A convenient method for the transformation of
alcohols to alkyl chlorides using N,N-diphenylchlorophenylmethyleniminium
chloride. Chem. Lett. 13, 1173-1174 (1984).

30. Mukaiyama, T., Shoda, S.-I. & Watanabe, Y. A new synthetic method for the

A flame-dried 10 ml Schlenk flask with a rubber septum and magnetic stir bar was
charged with tris(2,2'-bipyridyl)ruthenium(n) chloride hexahydrate (5.0 wmol,

0.010 equiv.), the corresponding alcohol (0.50 mmol, 1.0 equiv.), carbon tetrabromide
(1.0 mmol, 2.0 equiv.) and sodium bromide (1.0 mmol, 2.0 equiv.). The flask was
purged with a stream of nitrogen, and dry DMF (5.0 ml) was added with a syringe. The
mixture was degassed by the freeze—pump-thaw procedure (three cycles), and placed in
a 250 ml beaker with blue LEDs wrapped inside (the reaction reaches temperatures
between 25 and 30 °C upon exposure to the blue LEDs). The reaction mixture was
stirred until it was complete (as judged by thin layer chromatography analysis). The
mixture was poured into a separatory funnel containing 25 ml Et,O and 25 ml H,O.
The layers were separated and the aqueous layer was extracted with Et,O (2 x 25 ml).
The combined organic layers were washed with saturated Na,S,0; solution, brine,
dried (MgSO,) and concentrated in vacuo. The residue was purified by
chromatography on silica gel to afford the desired product.

Received 8 July 2010; accepted 11 November 2010; transformation of alcohols to alkyl chlorides using 2-chlorobenzoxazolium salt.
published online 9 January 2011 Chem. Lett. 4, 383-386 (1977).
144 NATURE CHEMISTRY | VOL 3 | FEBRUARY 2011 | www.nature.com/naturechemistry

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/compfinder/10.1038/nchem.949_comp11
http://www.nature.com/compfinder/10.1038/nchem.949_comp11
http://www.nature.com/compfinder/10.1038/nchem.949_comp11
http://www.nature.com/compfinder/10.1038/nchem.949_comp13
http://www.nature.com/compfinder/10.1038/nchem.949_comp11
http://www.nature.com/doifinder/10.1038/nchem.949
www.nature.com/naturechemistry

NATURE CHEMISTRY pot: 10.1038/NCHEM.949 ARTl C LES

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—

Benazza, T., Uzan, R, Beaupere, D. & Demailly, G. Direct regioselective
chlorination of unprotected hexitols and pentitols by Vilsmeier and Haack’s salt.
Tetrahedron Lett. 33, 4901-4904 (1992).

Benazza, T., Uzan, R, Beaupere, D. & Demailly, G. Direct regioselective
chlorination of unprotected hexitols and pentitols by Viehe’s Salt. Tetrahedron
Lett. 33, 3129-3132 (1992).

Kelly, B. D. & Lambert, T. H. Aromatic cation activation of alcohols: conversion
to alkyl chlorides using dichlorodiphenylcyclopropene. J. Am. Chem. Soc. 131,
13930-13931 (2009).

Trost, B. M. The atom economy—a search for synthetic efficiency. Science 254,
1471-1477 (1991).

Arstad, E., Barrett, A. G. M., Hopkins, B. T. & Kobberling, J. ROMPgel-
supported triphenylphosphine with potential application in parallel synthesis.
Org. Lett. 4, 1975-1977 (2002).

Li, C.-J. & Trost, B. M. Green chemistry for chemical synthesis. Proc. Natl Acad.
Sci. USA 105, 13197-13202 (2008).

Canoyelo, H. & Deronzier, A. Photo-oxidation of tris(2,2'-bipyridine)
ruthenium(ir) by para-substituted benzene diazonium salts in acetonitrile.
Two-compartment photoelectrochemical cell applications. J. Chem. Soc.
Faraday Trans. I 80, 3011-3019 (1984).

Canoyelo, H. & Deronzier, A. Photo-oxidation of some carbinols by the Ru(11)
polypyridyl complex—aryl diazonium salt system. Tetrahedron Lett. 25,
5517-5520 (1984).

Zen, J. M, Liou, S. L., Kumar, A. S. & Hsia, M. S. An efficient and selective
photocatalytic system for the oxidation of sulfides to sulfoxides. Angew. Chem.
Int. Ed. 42, 577-579 (2003).

Ischay, M. A., Lu, Z. & Yoon, T. P. [242] Cycloadditions by oxidative visible light
photocatalysis. J. Am. Chem. Soc. 132, 8572-8574 (2010).

. Léonel, E., Paugam, J. P. & Nédélec, J.-Y. A new preparative route to organic

halides from alcohols via the reduction of polyhalomethanes. J. Org. Chem. 62,
7061-7064 (1997).

NATURE CHEMISTRY | VOL 3 | FEBRUARY 2011 | www.nature.com/naturechemistry

42. Fukui, K., Morokuma, K., Kato, H. & Yonezawa, T. The polarographic reduction
and electronic structures of organic halides. Bull. Chem. Soc. Jpn 36,

217-222 (1963).

43. Léonel, E., Lejaye, M., Oudeyer, S., Paugam, J. P. & Nédélec, J.-Y. gem-
Dihalocyclopropane formation by iron/copper activation of tetrahalomethanes
in the presence of nucleophilic olefins. Evidence for a carbene pathway.
Tetrahedron Lett. 45, 2635-2638 (2004).

44. Kharasch, M. S., Jensen, E. V. & Urry, W. H. Addition of carbon tetrabromide
and bromoform to olefins. J. Am. Chem. Soc. 68, 154-155 (1946).

45. Hepburn, D. R. & Hudson, H. R. Factors in the formation of isomerically and
optically pure alkyl halides. Part XI. Vilsmeier reagents for the replacement
of a hydroxy-group by chlorine or bromine. J. Chem. Soc. Perkin Trans. I,
754-757 (1976).

Acknowledgements

This work was supported by the donors of the American Chemical Society Petroleum
Research Fund (48479-G1) and Boston University. Nuclear magnetic resonance
(CHE-0619339) and mass spectrometry (CHE-0443618) facilities at Boston University
are supported by the National Science Foundation. The authors are grateful to

A. Phillips, J. Porco and P. Wipf for helpful suggestions regarding this manuscript,
and to F. Meschini for preliminary studies.

Author contributions
C.D. performed the experiments. All authors conceived and designed the experiments,
analysed the data, contributed to discussions and wrote the manuscript.

Additional information

The authors declare no competing financial interests. Supplementary information and
chemical compound information accompany this paper at www.nature.com/
naturechemistry. Reprints and permission information is available online at http://npg.nature.
com/reprintsandpermissions/. Correspondence and requests for materials should be
addressed to CRIJ.S.

145

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/sifinder/10.1038/nchem.949
http://www.nature.com/cifinder/10.1038/nchem.949
www.nature.com/naturechemistry
www.nature.com/naturechemistry
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
mailto:crjsteph@bu.edu
http://www.nature.com/doifinder/10.1038/nchem.949
www.nature.com/naturechemistry

	Visible-light-mediated conversion of alcohols to halides
	Results
	Mechanistic investigation and discussion
	Conclusions
	Methods
	Figure 1  Phosphine-free halogenation of alcohols using visible-light photoredox catalysis.
	Figure 2  Ru(bpy)3Cl2 catalysed bromination of alcohol 1a.
	Figure 3  Mechanistic investigation of the photocatalytic halogenation.
	Figure 4  Degenerate SN2 reaction results in racemization with optically enriched alcohol 11.
	Table 1  Conversion of alcohols 1 to bromides 2 or iodides 3 using photoredox catalysis.
	References
	Acknowledgements
	Author contributions
	Additional information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


