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Abstract α-Diazo-β-dicarbonyl compounds were chlorinated using
(dichloro)iodobenzene and an activating catalyst. A broad range of re-
action rates was observed, which paralleled the relative stability/nucleo-
philicity of the diazo compounds. Acyclic diazocarbonyls reacted faster
than cyclics, and β-diketones were much faster to react than β-keto es-
ters or β-diesters. Lewis acid activation was used for the first time, al-
lowing us to overcome instances of poor chemoselectivity. Though the
yields ranged from low to good, this chlorination reaction has again
proven a mild and effective halogenation strategy.

Key words diazo compounds, hypervalent iodine, halogenation, ca-
talysis, ylides

Organoiodanes are a class of hypervalent IIII reagents
that have maintained popularity since the 1880s1 owing to
their broad reactivity profile and their mild, environmen-
tally benign reaction conditions.2 Members of this class in-
clude iodosylbenzene,3 Koser’s4 and Togni’s5 reagents, and
(diacetoxyiodo)benzene and its derivatives.6 A traditional
reaction of the iodanes is the α-functionalization of carbon-
yl compounds, which is promoted by the reductive forma-
tion of iodobenzene. This is a highly versatile, mild, and
metal-free strategy for α-carbonyl functionalization with
halide, acetate, sulfonate, aryl, and alkyl groups, as either a
racemic or asymmetric process.7

When ArIX2-type iodanes are used in this chemistry,
the ligand not incorporated into the substrate is discarded.
In light of this, we set out to develop a reaction in which
both ligands from such an iodane would be transferred to
the α-carbonyl position in a single transformation. Success-
ful development of this chemistry would increase the effi-
cacy of the iodane, expand the reaction scope of hyperva-
lent iodine reagents, and offer a chemoselective synthesis

of the gem-dihalide unit. To accomplish this, our substrate
would need to be nucleophilic at its α-carbonyl position
and possess a potential leaving group on the same carbon.
Our belief was this pre-existing leaving group may be dis-
placed by the second ligand from the iodane during the α-
functionalization reaction. Phosphonium ylides (e.g., 1)
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were our initial choice of substrate because of their struc-
tural diversity and availability, but these react with iodanes
(e.g., (dichloroiodo)benzene, 2) to give α-functionalized
Wittig reagents (Scheme 1, a).8 There was a single report of
diazonium ylides reacting with iodane 2 to give gem-dichlo-
rides in 24–75% yield (Scheme 1, b).9 This result gave legiti-
macy to our hypothesis, and we have since developed this
to be a mild, operationally facile reaction that might be ap-
plicable to the vast spectrum of differentially substituted
iodanes.

Scheme 1  Reactions of phosphonium and diazonium ylides with PhICl2 
(2)

To date, we have successfully chlorinated and fluorinat-
ed phenyldiazoacetate derivatives, using PhICl2 (2) and
TolIF2 (8) respectively (Scheme 2, a and b).10 A new route to
the biologically relevant 3,3-dihalo-2-oxindole scaffold was
devised through chlorination of the 2-oxindole skeleton
(Scheme 2, c).11 The chlorination reactions were generally
complete in minutes, with good to excellent yields. These
also exhibited exceptional functional-group compatibility,
with halides, unsaturations (allyl, propargyl), ethers, esters,
acetyls, acetamides, carbamates, and sulfonates being toler-
ated. Substitution of 6 or 10 with strongly electron-with-
drawing groups, which resulted in lower yields, or substitu-
tion with strongly electron-donating groups, which occa-
sionally resulted in over-chlorination at the arene,12 were
limitations observed to date for this reaction.

Scheme 2  gem-Dichlorination and gem-difluorination of diazocarbonyl 
compounds

Key observations from these studies, such as the neces-
sity of an activator, the minimal variation in reaction rate
and the adverse effects of aryl substitution, have led to the
following proposal for the reaction sequence (Scheme 3). It
begins with Lewis base or Lewis acid activation of PhICl2 (2)
giving complex 12. This activated species undergoes nucle-
ophilic attack by diazonium ylide 13, giving adduct 14 that
possesses two excellent leaving groups. Its transit to the
gem-dihalogenated products requires successive chlorina-
tion events, possibly by reductive elimination (14 to 15) or
nucleophilic displacement by chloride (15 to 16).
Monochloride (17) and glyoxylate/isatin (18) are two com-
monly encountered side products, whose formation we
have been able to suppress by changing the Lewis acid/base
and solvent. While two pathways for their formation are of-
fered, we have not ruled out other possibilities.

Scheme 3  Proposed sequence of events for the gem-dichlorination re-
action and possible origins of the side products

α-Diazo-β-dicarbonyls are among the most studied di-
azos, and were a natural choice for study in our α,α-dihalo-
genation reaction. The expected products, α,α-dihalo-β-di-
carbonyls, can be made directly from the parent dicarbonyl,
but these methods often lack chemoselectivity and gener-
ate monohalide side products.13 Methods selective for the
dihalide products combine elemental halogens (F2, Cl2, Br2)
or halosuccinimides/haloacids with α-diazo-β-dicarbonyl
compounds,14–16 however, these more aggressive reagents
result in poor functional-group tolerance (Scheme 4). As
PhICl2 acts like Cl2 in reactions with diazo compounds, our
chlorination reaction offers a milder, more functional-
group-tolerant means to prepare gem-dichlorides.

Modified ArICl2-type reagents aim to facilitate removal
of the iodoarene byproducts from chlorination reactions.17

Designer reagents, such as polystyrene-supported18 or bi-
phenyl-19 and triazine-derived20 dichloroiodanes rely on
the insolubility of the aryl iodide for easy recovery. Benzoic
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acid,19 and fluorous aryl- and alkyl-derived iodanes21 have
also been developed, where the aryl iodides are recovered
in the reaction workup. Recovery of the iodide allows these
reagents to be recycled through regeneration of the iodane.
Another chlorination strategy used PhICl2 generated in situ
from iodosylbenzene and HCl.22 Presumably, this reaction
would be incompatible with diazo precursors, but it sets
the stage for an atom-economical iodane-based chlorina-
tion, where a catalytic amount of aryl iodide is oxidized23

and converted into PhICl2 in situ, and reacts selectively with
a substrate.

Though diazo compounds are often believed to be high-
ly reactive species,24 significant stabilization is gained by
substitution with strongly electron-withdrawing groups.
The α-diazo-β-dicarbonyls have increased thermal, photo-
chemical, catalytic, and Lewis or Brønsted acid stability
compared to simple diazocarbonyl compounds.25 A study of
diazo nucleophilicity has suggested these are weakly nucle-
ophilic compared to monocarbonyl diazos, such as 6.26 We
hoped to exploit the differences in nucleophilicity within
the β-dicarbonyl class of diazo compounds, which decreas-
es from β-diketones to β-diesters, and from acyclic to cyclic
scaffolds.25b,27 Given the broad stability range of the β-di-
carbonyls, which is in stark contrast to the similarly reac-
tive derivatives of 6 and 10, we carried out this study aim-
ing to glean additional mechanistic insight from the varying
reaction rates. And, although we expected the diazos to be
slower to react, we believed this chemistry would make this
a valuable addition to existing strategies.

A series of acyclic α-diazo-β-dicarbonyl compounds
were prepared to test our chlorination reaction and assess
the relative reactivities of the different substrates. Com-
pounds 21a–e were synthesized by diazo transfer between
p-ABSA and a commercially available dicarbonyl. We sub-
jected 21a to our standard chlorination conditions, and
though the reaction was slow, the product 22a was recov-
ered in 65% yield (Scheme 5). We investigated the effect of
solvent, Lewis base, and temperature, and we found our
standard conditions were the most rapid and effective. The
additional diazo stabilization associated with β-keto ester
21b manifested itself as a longer reaction of identical yield.
Even slower to react was β-diester 21c, which took four
hours to consume the starting material, and gave 22c in 50%

yield. Compounds 21d,e were also chlorinated with ease,
and again the β-keto ester 21e reacted slower. Overall, the
acyclic substrates underwent the Lewis base catalyzed
chlorination in acceptable yield and, as anticipated, with re-
action rates that closely correlated with the relative diazo
stabilities.

Scheme 5  Chlorination of acyclic diazo-β-dicarbonyl compounds with 
PhICl2 (2)

We next investigated the chlorination of the inherently
less reactive cyclic α-diazo-β-dicarbonyl compounds. While
chlorination of 23a provided 24a in good yield over three
hours, the β-keto ester analog 23b gave 24b/25b in 22%
combined yield over 16 hours (Scheme 6). Diazo stabiliza-
tion was even more pronounced for diazo Meldrum’s acid
(23c), which was completely unreactive in the chlorination
reaction over three days.28 While diketone 23d underwent
a poorly chemoselective chlorination, giving ca. 1:1 mix-
ture of chlorination products, diketone 23e chlorinated
with ease, giving the product in 72% yield. Two additional
β-ketolactones 23f,g were tested, and where the former re-
acted poorly, the latter was unreactive over three days.
Lastly, we investigated barbituric acid derivative 23h and
were pleased to recover 24h in moderate yield over three
days. These kinetic observations are again consistent with
the relative nucleophilicities of the diazo compounds, with
the cyclic derivatives reacting much more slowly than the
acyclics.27 The cyclic β-keto lactones and β-diesters behaved
consistently, reacting poorly or not at all. On the other
hand, the cyclic β-diketones displayed some unusual reac-
tivity. Where 23a,e reacted cleanly to give the respective di-
chlorides, 23d gave a mixture of chlorination products, pos-
sibly suggesting a beneficial substitution effect.

We were puzzled why the chemoselectivity was eroded
for 23b,d,f to give ca. 1:1 mixtures of products. Control ex-
periments between 23a and 23d were conducted using the
same source of solvent, pyridine and iodane, but the prod-
uct distribution remained unchanged. From these it was
abundantly clear that acidic impurities were not responsi-

Scheme 4  Methods to generate α,α-dichloro-β-dicarbonyls from diazo 
compounds
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ble for 25d being generated. The chlorination of 23d was
also conducted without pyridine, and after 48 hours and
minimal conversion, equal amounts of 24d and 25d were
observed. From this experiment we reaffirm that pyridine
activation is key to achieving timely chlorination reactions,
and we conclude that competing chlorination pathways are
operative, whether pyridine is present or not.

In our investigation of phenyl diazoacetate derivatives,10

varying quantities (up to 15%) of monochloride byproducts
were generated depending on the Lewis base activator
used. Through systematic changes to the solvent and activa-
tor, we discovered conditions that shut down the pathway
leading to the monochloride products. Surprisingly, in this
investigation of β-dicarbonyls such changes had little effect
on the poor chemoselectivity.29 Based on our fluorination
reactions, which provide exclusively the difluoride prod-
ucts (Scheme 2, b), we tried Lewis acid activation of iodane
2. In analogy to the use of BF3·OEt2 in the fluorination reac-
tions, we tested BCl3 as an activator in the chlorination of
23a, as well as AlCl3, a known activator for alkyl and acyl
chlorides. Though BCl3 activation failed, AlCl3 activation
gave exclusively 24a in the same time and yield as under
pyridine activation (Scheme 7). We then applied these con-
ditions to 23b and 23c, and while 23b reacted to give 24b
as the sole product in 25% yield, 23c again remained com-
pletely unreactive. Lastly, substrates 23d and 23f were sub-
jected to the AlCl3-catalyzed reaction, and both reacted
chemoselectively, giving only the desired products in equal
or greater yield to the pyridine-catalyzed reactions.30 Thus
we found that Lewis acid activation of iodanes was effective
in our chlorination reactions, and that such conditions
could be used to improve poorly chemoselective reac-
tions.31

Scheme 7  Chlorination of cyclic diazo β-dicarbonyl compounds under 
Lewis acid activation

Herein we present a mild and efficient Lewis base- and
Lewis acid-catalyzed chlorination of α-diazo-β-dicarbonyl
compounds. The study employed the bench-stable iodane
(dichloroiodo)benzene, which is reproducibly prepared on
multigram scale from inexpensive reagents,32 and diazocar-
bonyl compounds prepared in one step by diazo transfer re-
actions. The acyclic β-dicarbonyl compounds were found to
chlorinate chemoselectively, giving only the desired prod-
ucts in moderate to good yields over a few hours. The cyclic
β-dicarbonyls were much slower to react overall, and while
some reacted to give exclusively the dichlorides, others dis-
played poor chemoselectivity or failed to react at all. This
study led to a greater understanding of the dichlorination
reaction, proving that at least two different chlorination
events are operative in our reaction and that our monochlo-
ride byproducts are not a result of acidic impurities. Em-
ploying AlCl3 as the activator helped overcome the instanc-
es of poor chemoselectivity, presumably by enabling the di-
chlorination process over competing pathways, and proved
as effective as pyridine catalysis. We were also able to draw
parallels between the nucleophilicity of the diazo species
and the rates of our dichlorination reaction, which has en-
abled us to suggest the association of diazo and activated
iodane complex as the rate-limiting step in our mechanism.
In conclusion, this reaction offers a mild, generally applica-
ble, and attractive addition to the existing methods for the
synthesis of α,α-halo-β-dicarbonyl compounds from β-
diketones and β-keto esters. We are presently working to
improve the reactivity of β-diesters (e.g., Meldrum’s acid)
and apply the fluorination reaction to β-dicarbonyls, and
our results will be presented in due course.

Scheme 6  Chlorination of cyclic diazo-β-dicarbonyl compounds with 
PhICl2 (2)

O

O

N2 PhICl2 (1.1 equiv)

pyridine (0.05 equiv)
0.2 M CH2Cl2

24a–h

X

X

O

O

Cl

Cl

X

X

23a–h
X = CH2, O, NMe

O

O

Cl

Cl
O

O

Cl

Cl

O

O

O

Cl

Cl

O

O

O

Cl

Cl

O

O

O

O

N

N

O

O

Cl

Cl

O

+

25a,c,d

X

X

O

O

Cl

24d, 1 h, 39%
25d, 31%

24b,16 h, 12%
25b, 10%

24e, 3 h, 72% 24h, 3 d, 60%24f, 16 h, 10%
25f, 10%

24a, 3 h, 73%

N2

24c, 3 d, N.R.

O

O

Cl

Cl

O

O

O

N2

24g, 3 d, N.R.

R

R

R

R

R

R

O

O

N2 PhICl2 (1.1 equiv)

AlCl3 (0.05 equiv)
0.2 M CH2Cl2

24a–c,f,g

X

X

O

O

Cl

Cl

X

X

23a–c,f,g
X = CH2, O

R

R

R

R

O

O

Cl

Cl

O

O

Cl

Cl

O

O

O

Cl

Cl

O

O

O

Cl

Cl

O

O

O

O

24d, 1.5 h, 69%

24b,16 h, 25%

24f, 16 h, 41%

24a, 3 h, 69%

N2

24c, 3 d, N.R.
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2015, 26, A–E



E

K. E. Coffey, G. K. Murphy SynpactsSyn  lett

D
ow

nl
oa

de
d 

by
: P

en
n 

S
ta

te
 U

ni
ve

rs
ity

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.
Acknowledgment

This work was supported by NSERC of Canada and the University of
Waterloo. We also wish to thank the Mass Spectrometry Facility at
the University of Waterloo for sample analysis.

Supporting Information

Supporting information for this article is available online at
http://dx.doi.org/10.1055/s-0034-1380304. Supporting InformationSupporting Information

References and Notes

(1) Willgerodt, O. J. Prakt. Chem. 1886, 33, 6.
(2) (a) Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123.

(b) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2002, 102, 2523.
(c) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2008, 108, 5299.
(d) Zhdankin, V. V. ARKIVOC 2009, (i), 1. (e) Zhdankin, V. V.
Hypervalent Iodine Chemistry: Preparation, Structure, and Syn-
thetic Applications of Polyvalent Iodine Compounds; Wiley:
Chichester, 2013, 468.

(3) Moriarty, R. M.; Kosmeder, J. W.; Zhdankin, V. V.; Courillon, C.;
Lacôte, E.; Malacria, M.; Darses, B.; Dauban, P. Iodosylbenzene, In
e-EROS Encyclopedia of Reagents for Organic Synthesis [Online];
Wiley: New York, 2012,  DOI: 10.1002/047084289X.ri039.pub4.

(4) Koser, G. F.; Ollevier, T.; Desyroy, V. [Hydroxy(tosyloxy)iodo]-
benzene, In e-EROS Encyclopedia of Reagents for Organic
Synthesis [Online]; Wiley: New York, 2004,  DOI:
10.1002/047084289X.rh070.pub2.

(5) (a) Eisenberger, P.; Gischig, S.; Togni, A. Chem. Eur. J. 2006, 12,
2579. (b) Kieltsch, I.; Eisenberger, P.; Togni, A. Angew. Chem. Int.
Ed. 2007, 46, 754.

(6) Moriarty, R. M.; Chany, C. J.; Kosmeder, J. W. (Diacetoxy-
iodo)benzene, In e-EROS Encyclopedia of Reagents for Organic
Synthesis [Online]; Wiley: New York, 2005,  DOI:
10.1002/047084289X.rd005m.pub2.

(7) (a) Merritt, E. A.; Olofsson, B. Synthesis 2011, 517. (b) Dong, D.
Q.; Hao, S. H.; Wang, Z. L.; Chen, C. Org. Biomol. Chem. 2014, 12,
4278.

(8) (a) Moriarty, R. M.; Prakash, I.; Prakash, O.; Freeman, W. A.
J. Am. Chem. Soc. 1984, 106, 6082. (b) Huang, Z. Z.; Yu, X. C.;
Huang, X. Tetrahedron Lett. 2002, 43, 6823. (c) Matveeva, E. D.;
Podrugina, T. A.; Grishin, Y. K.; Tkachev, V. V.; Zhdankin, V. V.;
Aldoshin, S. M.; Zefirov, N. S. Russ. J. Org. Chem. 2003, 39, 536.
(d) Zhdankin, V. V.; Maydanovych, O.; Herschbach, J.; Bruno, J.;
Matveeva, E. D.; Zefirov, N. S. J. Org. Chem. 2003, 68, 1018.

(9) Roedig, A.; Aman, H.; Fahr, E. Liebigs Ann. Chem. 1964, 675, 47.
(10) Tao, J.; Tran, R.; Murphy, G. K. J. Am. Chem. Soc. 2013, 135, 16312.
(11) (a) Murphy, G. K.; Abbas, F. Z.; Poulton, A. V. Adv. Synth. Catal.

2014, 356, 2919. (b) Coffey, K. E.; Moreira, R.; Abbas, F. Z.;
Murphy, G. K. Org. Biomol. Chem. 2015, 13, 682.

(12) Zanka, A.; Takeuchi, H.; Kubota, A. Org. Process Res. Dev. 1998, 2,
270.

(13) (a) Kim, J. J.; Kweon, D. H.; Cho, S. D.; Kim, H. K.; Lee, S. G.; Yoon,
Y. J. Synlett 2006, 194. (b) Mei, Y.; Bentley, P. A.; Du, J. Tetrahe-
dron Lett. 2008, 49, 3802. (c) Wang, J.; Li, H.; Zhang, D.; Huang,
P.; Wang, Z.; Zhang, R.; Liang, Y.; Dong, D. Eur. J. Org. Chem.
2013, 5376. For an example using PhICl2, see: (d) Duan, X.;
Zhou, H.; Tian, X.; Liu, J.; Ma, J. Synthesis 2015, DOI: 10.1055/s-
0034-1379973.

(14) Patrick, T. B.; Scheibel, J. J.; Cantrell, G. L. J. Org. Chem. 1981, 46,
3917.

(15) Lee, K. I.; Youn, J. I.; Shim, Y. K.; Kim, W. J. Bull. Korean Chem.
Soc. 1992, 13, 226.

(16) Olah, G. A.; Welch, J. Synthesis 1974, 896.
(17) Yusubov, M. S.; Zhdankin, V. V. Curr. Org. Synth. 2012, 9, 247.
(18) (a) Sket, B.; Zupan, M.; Zupet, P. Tetrahedron 1984, 40, 1603.

(b) Chen, J. M.; Zeng, X. M.; Middleton, K.; Zhdankin, V. V. Tetra-
hedron Lett. 2011, 52, 1952.

(19) Yusubov, M. S.; Drygunova, L. A.; Zhdankin, V. V. Synthesis 2004,
2289.

(20) Thorat, P. B.; Bhong, B. Y.; Karade, N. N. Synlett 2013, 24, 2061.
(21) Podgorsek, A.; Jurisch, M.; Stavber, S.; Zupan, M.; Iskra, J.;

Gladysz, J. A. J. Org. Chem. 2009, 74, 3133.
(22) Kitamura, T.; Tazawa, Y.; Morshed, M. H.; Kobayashi, S. Synthesis

2012, 44, 1159.
(23) (a) Richardson, R. D.; Wirth, T. Angew. Chem. Int. Ed. 2006, 45,

4402. (b) Ochiai, M.; Miyamoto, K. Eur. J. Org. Chem. 2008, 4229.
(c) Dohi, T.; Kita, Y. Chem. Commun. 2009, 2073.

(24) Caution: Diazo compounds are reported to be toxic and poten-
tially explosive. Appropriate safety measures should be
observed when working with them.

(25) (a) Regitz, M.; Maas, G. Diazo Compounds: Properties and Syn-
thesis; Academic Press: Orlando, 1986, xi. (b) Doyle, M. P.;
Mckervey, M. A.; Ye, T. Modern Catalytic Methods for Organic
Synthesis with Diazo Compounds : From Cyclopropanes to Ylides;
Wiley: New York, 1998, 652.

(26) Bug, T.; Hartnagel, M.; Schlierf, C.; Mayr, H. Chem. Eur. J. 2003, 9,
4068.

(27) Abel, E. W.; Stone, F. G. A.; Wilkinson, G. Comprehensive Organo-
metallic Chemistry II: A Review of the Literature 1982–1994; Per-
gamon Press: Oxford, 1995, 1st ed..

(28) In carbenoid reactions, elevated temperatures are required for
diazo Meldrum’s acid to react. See: (a) Somai Magar, K. B.; Lee,
Y. R.; Kim, S. H. Tetrahedron 2013, 69, 9294. (b) Shi, J.; Yan, Y.; Li,
Q.; Xu, H. E.; Yi, W. Chem. Commun. 2014, 50, 6483.

(29) For example, chlorination of 23d using 5 mol% DMAP or 2,6-
lutidine, or either 1 mol% or 10 mol% pyridine gave mixtures of
24d/25d. The best improvement came from using 5 mol% pyri-
dine in DCE, which gave 24d in 51% yield. However, chlorinating
23a in DCE gave 24a in only 43% yield, so this effect was not
pursued.

(30) Using DCE in the AlCl3-catalyzed reactions gave lower yields
than CH2Cl2: 24b, 8%; 24d, 49%.

(31) Another dramatic Lewis acid effect was found when chlorinat-
ing 10-diazoanthrone. In contrast to pyridine, which gave
anthroquinone as the product, using AlCl3 gave 10,10-dichloro-
anthrone as the sole product.

(32) Zhao, X. F.; Zhang, C. Synthesis 2007, 551.
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2015, 26, A–E


