
&Organometallic Chemistry | Reviews Showcase |

Recent Advances of the Halogen–Zinc Exchange Reaction

Moritz Balkenhohl and Paul Knochel*[a]

Chem. Eur. J. 2020, 26, 3688 – 3697 T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3688

MinireviewDOI: 10.1002/chem.201904794

http://orcid.org/0000-0001-7913-4332
http://orcid.org/0000-0001-7913-4332
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.201904794&domain=pdf&date_stamp=2020-01-22


Abstract: For the preparation of zinc organometallics bear-

ing highly sensitive functional groups such as ketones, alde-
hydes or nitro groups, especially mild halogen–zinc ex-

change reagents have proven to be of great potential. In
this Minireview, the latest research in the area of the halo-

gen–zinc exchange reaction is reported, with a special focus

lying on novel dialkylzinc reagents complexed with lithium
alkoxides. Additionally, the preparation and application of

organofluorine zinc reagents and transition-metal-catalyzed
halogen–zinc exchange reactions are reviewed.

Introduction

Polyfunctional organometallics are useful reagents for the
preparation of a wide range of complex molecules, and there-

fore play an important role in modern organic chemistry.[1] In
the past decades, several preparation methods of these re-

agents have been disclosed and the development of various

halogen–metal exchange reagents have been reported.[1, 2, 3] Al-
kyllithium reagents (nBuLi, sBuLi, or tBuLi),[4] for example, pro-

mote efficient iodine or bromine–lithium exchange reactions,
whereas the “turbo-Grignard” iPrMgCl·LiCl has been used to

prepare a plethora of magnesium organometallics.[5] However,
lithium and magnesium reagents are highly reactive and there-

fore often lack sensitive functional group tolerance, like nitro,

azido, or triazine groups, or functionalities bearing acidic pro-
tons. Hence, zinc organometallic reagents have been devel-

oped to perform efficient and yet mild halogen–zinc exchange
reactions. In this Minireview, recent advances of the halogen–

zinc exchange are described, with a special focus on novel acti-
vated dialkylzinc exchange reagents.

Halogen–Zinc Exchange Using Tri- or Tetra-
alkylzincates (R3ZnLi or R4ZnLi2)

Efficient reagents for halogen–zinc exchange reactions are tri-
organo- (R3ZnLi, R = alkyl) or tetraorganozincates (R4ZnLi2)

which are prepared by mixing a dialkylzinc with various equiv-

alents of an organolithium RLi.[2] Thus, when dibromoalkenes
of type 1 or 2 are treated with triorganozincate nBu3ZnLi (3,

1.2 equiv) in THF at @85 8C for 3 h, a bromine–zinc exchange
takes place, leading to alkenylzinc reagents 4 and 5. After hy-

drolysis, monobromoalkenes 6 and 7 are obtained in 82–97 %
yield (Scheme 1).[6]

Also, dibromoalkanes 8 and 9 are suitable substrates for bro-

mine–zinc exchange reactions using triorganozincates
(Scheme 2). Thus, when being treated with nBu3ZnLi (3) or

sBu3ZnLi (10), an initial Br/Zn exchange leads to alkylzincs 11–

12, which, after rearrangement, provides dialkylzinc re-
agents 13–14. After acylation or palladium-catalyzed Negishi

cross-coupling[7] the functionalized alkanes 15–16 are obtained
in 62–75 % yield (Scheme 2).[8]

An original approach towards benzylic zinc reagents was

found, when iodoarene 17 is treated with nBu3ZnLi (3) or
tBu3ZnLi (18, Scheme 3). An I/Zn exchange takes place readily
at @85 8C, producing organozincs 19–20, which, after warming

to @40 8C, undergo intramolecular alkylation, leading to ben-
zylic zinc reagents 21–22. After quenching with aldehydes, al-

cohols 23–24 are obtained in 56–80 % yield (Scheme 3).[9]

The high reactivity of lithium zincates allows the per-

formance of I/Zn exchange reactions on iodoarenes as dis-

closed by Sakamoto and Kondo (Scheme 4).[10] Thus, sensitive
iodoarenes 25–26 bearing an ester and a nitro group are treat-

ed with Me3ZnLi (27) at @78 8C for 1 h, providing the lithium
arylzincates 28–29.[10] After reaction with benzaldehyde, alco-

hols 30–31 are obtained in 68–74 % yield. Also, tBu3ZnLi (18)
reacts readily with an electron-rich aryl iodide 32, providing

Scheme 1. Br/Zn exchange on dibromoalkenes.

Scheme 2. Br/Zn exchange on dibromoalkanes, followed by intramolecular
alkylation and electrophilic quenching.
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the zincate 33, which leads to 34 after quenching with benzal-
dehyde in 83 % yield (Scheme 4).[11]

Also, protected indoles (35–36) are suitable for such an ex-
change (Scheme 5).[12] Interestingly, the yield is increased by

10 % by adding one equivalent of TMEDA (tetramethylethyle-
nediamine) to Me3ZnLi (27). After halogen–metal exchange,
the zincates 37–38 are quenched with benzaldehyde or allyl
bromide, giving rise to functionalized indoles 39–40 in 61–

64 % yield (Scheme 5).[12]

Structural and reactivity insights on magnesium zincates
were reported by Hevia and co-workers.[13] Thus, mixing

tBuMgCl (3.0 equiv) with ZnCl2 (1.0 equiv) leads to the forma-
tion of magnesium trialkylzincate 41. When aryl iodides 42–43
are treated with 41, the magnesium triarylzincates 44–45 are
obtained and used in palladium-catalyzed cross-coupling reac-

tions with aryl bromides, yielding biaryls 46–47 in 75–86 %
yield (Scheme 6).[13]
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Scheme 3. I/Zn exchange on aryl halides bearing a remote mesylate leaving
group, affording benzylic zinc reagents after intramolecular alkylation.

Scheme 4. I/Zn exchange on aryl iodides bearing sensitive electrophilic func-
tional groups as well as an I/Zn exchange on 2-iodoanisole.

Scheme 5. I/Zn exchange reactions on indoles, using Me3ZnLi·TMEDA.

Scheme 6. I/Zn exchange using a magnesium triorgano zincate followed by
cross-coupling reactions.
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To improve the utility and scope of these zincates, higher
order reagents of type R4ZnLi2 were developed.[14] In this way,

non-activated substrates such as bromobenzene (48) are zin-
cated using the reagent Me4ZnLi2 (49, @20 8C, 2 h) and, after

quenching with benzaldehyde, alcohol 50 is obtained in 47 %
yield (Scheme 7).[14] When Me3ZnLi (27) is used as exchange re-

agent, no halogen–metal exchange takes place. Additionally,
the resulting zincate species proves to be more reactive to-
wards electrophilic quench reactions. When aryl iodide 51, for

example, is treated with Me3ZnLi (27), merely an iodine–zinc
exchange is observed. However, when 51 is treated with the
higher order zincate 49, an intramolecular Michael addition
proceeds after the exchange reaction, providing the indo-

line 52 in 66 % yield (Scheme 7).[14]

Interestingly, highly reactive zincates of type R4ZnLi2 remain
fairly functional group tolerant and allow smooth halogen–zinc

exchange reactions in the presence of for example, an amide
or a chiral acetal (Scheme 8).[15] When iodoarene 53 is treated

with tBu4ZnLi2 (54, 1.1 equiv), an iodine–zinc exchange readily
proceeds. After allylation, the chiral product 55 is isolated in
74 % yield and 99 % ee. Amide 56 is allylated under similar con-

ditions, leading to the allylated product 57 in 87 % yield. Re-
markably, the exchange is also possible with 4-iodophenol
(58), if an excess of 54 is used (2.2 equiv), which leads, after al-
lylation, to phenol 59 in 79 % yield (Scheme 8).[15]

These methodologies were extended to N-heterocycles
(Scheme 9).[16] The more reactive zincate nBu4ZnLi2·TMEDA (60)

is used to convert various bromo-pyridines and -quinolines
(61–64) to the corresponding lithium zincates. After quenching

with iodine, diphenyl disulfide or 5-bromopyrimidine in the
presence of a palladium catalyst, the functionalized pyri-

dines 65–68 are obtained in 40–75 % yield.[16] Remarkably, the
halogen–zinc exchange is performed in toluene and substoi-
chiometric exchange reagent (0.33 equiv) is used, demonstrat-

ing that three of the four alkyl groups participate in this ex-
change reaction .[16]

Additionally, zincate reagents are used for the generation of

benzynes, which subsequently undergo facile Diels–Alder cy-

cloaddition reactions.[17] Also, zincates may participate in oxo-
vanadium(V)-induced cross-coupling reactions.[18] 2-Thienyl zin-

cates are used in the preparation of poly(3-hexylthiophene)
(P3HT), which belongs to the class of poly-alkylthiophenes;

PATs, that are of interest as organic materials.[19]

Halogen–Zinc Exchange Using Dialkylzincs

Early studies towards halogen–zinc exchange reactions were

reported by Nishimura and Hashimoto for the preparation of
zinc carbenoids.[20] Tetramethylethylene, for example, is treated

with diethylzinc and diiodomethane, which leads to the cyclo-
propanated product in 53 % yield.[20a] In contrast to the well-

known Simmons–Smith reaction,[21] which requires 15–70 h re-

action time, this cyclopropanation proceeds within minutes. A
broader substrate scope is achieved, when functionalized alkyl

iodides are added to Et2Zn (5.0 equiv, neat) and stirred at ele-
vated temperatures.[22] Thus, alkyl iodide 69, bearing an ester

functional group, is mixed with Et2Zn (70, 5.0 equiv) and stirred
at 50 8C for 4 h, which gives the mixed zinc species 71. After

Scheme 7. Halogen–zinc exchange using the higher order zincate Me4ZnLi2

(49).

Scheme 8. Halogen–zinc exchange of sensitive aryl halides and of an unpro-
tected phenol.

Scheme 9. Bromine–zinc exchange on various bromo-pyridines and -quino-
lines using nBu4ZnLi2·TMEDA (60).
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removal of the volatiles (Et2Zn, EtI), dialkylzinc 72 is obtained,
which undergoes a Michael-addition to a nitroolefin, producing

the functionalized alkane 73 in 82 % yield (Scheme 10). Zinc or-
ganometallics obtained by the same[22] or a similar[23] method

(74–75) are also used for asymmetric addition reactions in the
presence of the chiral catalyst 76. The resulting dialkylzincs are

treated with aldehydes, leading to the chiral alcohols 77–78 in
88–95 % yield and up to 93 % ee (Scheme 10).[22, 23] Notably, 78
is a prostaglandin and leukotriene building block.[23a]

The iodine–zinc exchange of secondary alkyl iodides 79 pro-

ceeds using iPr2Zn (80).[24] Remarkably, when the reagent is
prepared from 2 iPrMgBr and ZnBr2, leading to iPr2Zn·2MgBr2

(81), the exchange reaction proceeds up to 200 times faster

due to the presence of this magnesium salt.[24] This may be ex-
plained by the formation of the dibromozincate
[iPr2ZnBr2]2@[Mg2Br2]2+ . Thus, when secondary iodides (79 a–b)
are treated with iPr2Zn (80, 1.5 equiv), the alkylzinc reagents
82 a–b are obtained (Scheme 11). After transmetallation to
copper using a CuCN·2LiCl solution in THF and electrophilic

trapping, alkyne 83 and ketone 84 are obtained in 62–82 %
yield.

Menthyl iodide (79 c) is used for this transformation, which,
after mixing with iPr2Zn·2MgBr2 (81), gives the mixed zinc or-
ganometallic 82 c. After copper-mediated allylation, the cyclo-

hexane 85 is isolated in 61 % yield (Scheme 11).[24]

After the discovery, that salt additives may accelerate the

rate of iodine–zinc exchange reactions,[24] it was found that the

combination of iPr2Zn (80) and Li(acac) (10 mol %) in Et2O:NMP
allowed efficient halogen–zinc exchange reactions on aryl io-

dides.[25] Thus, various aryl iodides bearing sensitive functional
groups such as isothiocyanates or aldehydes of type 86 are

treated with iPr2Zn (80) and catalytic amounts of Li(acac)
(10 mol %), generating biarylzincs of type 87. Trapping with

various electrophiles gives 88 a–c in 60–84 % yield
(Scheme 12).[25] From a mechanistic perspective, the acetylacet-

onate anion may lead to the formation of a tetracoordinated

zinc species. This intermediate A is reactive enough to undergo
a second iodine–zinc exchange, providing zincate B, which

leads to diarylzinc 87 and Li(acac) (Scheme 12).[25]

Various additives play a major role in the rates of halogen–

metal exchange reactions (e.g. LiCl,[5] MgBr2,[24] or Li(acac)[25]). In
most cases, it is presumed that the additive leads to the forma-

tion of a higher coordinated zincate and thus more reactive

metal intermediate. In the course of our investigations towards
the preparation of more efficient halogen–magnesium ex-

change reagents, it was found that the addition of alcoholates

Scheme 10. Generation of alkylzincs using diethylzinc and their trapping re-
actions.

Scheme 11. Iodine–zinc exchanges of secondary alkyl iodides using iPr2Zn
(80) or iPr2Zn·2MgBr2 (81).

Scheme 12. Preparation of highly functionalized diarylzincs using iPr2Zn in
the presence of catalytic amounts of Li(acac).
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may drastically increase the reactivity of the halogen–magnesi-
um exchange.[26] With this information at hand, the generation

of dialkylzinc organometallics, complexed with lithium alkox-
ides were investigated.[27] When an aminoalcohol ROH (89,

2.0 equiv, R = CH2CH2N-(CH3)CH2CH2N(CH3)2),) is treated with
Et2Zn in toluene, a mixed zinc species, tentatively described as
[ROZnEt·ROH] (90) is obtained.

Upon addition of sBuLi (2.0 equiv), di-sec-butylzinc com-
plexed with two lithium alkoxides of the formula sBu2Zn·2LiOR

(91) is produced (Scheme 13).[27]

This exchange reagent is highly reactive towards iodine or

bromine–zinc exchange reactions. Indeed, the iodine–zinc ex-
change of 3-iodoanisole (92) is complete after only 1 minute,

providing the diarylzinc 93 (Scheme 14). After a palladium-cat-
alyzed Negishi cross-coupling with an aryl iodide,[7] biaryl 94 is

isolated in 76 % yield. Similarly, a functionalized pyridine 95 or
a pyridone derivative 96 are suitable substrates for this ex-

change reaction, leading to zinc organometallics 97–98. After

copper-mediated acylation or allylation, ketone 99 and
lactam 100 are obtained in 85–96 % yield (Scheme 14).[27]

Since zinc organometallics possess a particularly unreactive
carbon–zinc bond, highly sensitive functional groups such as

triazines, aldehydes, ketones or nitro-groups are tolerated.
Under standard reaction conditions, an aryl iodide bearing a

triazine functional group (101 a) is converted to the
diarylzinc 102 a and quenched with allyl bromide, providing

103 a in 72 % yield (Scheme 15).[27] In some cases, slight modifi-

cations of the exchange reagent are required. Thus, when 2,4-

dinitroiodobenzene (101 b) is treated with pTol2Zn·2LiOR (104,
0.6 equiv, @15 8C, 15 min), a smooth iodine–zinc exchange

takes place, affording 102 b, which, after allylation, leads to the
dinitroarene 103 b in 79 % yield. For an iodine–zinc exchange

to proceed in the presence of aldehydes, tBu2Zn·2LiOR (105)

gives the best results. Hence, 5-iodo-2-furaldehyde (101 c) is
treated with the exchange reagent 105 (0.8 equiv, 0 8C,

10 min), leading to biarylzinc 102 c. After an allylation, the furyl
aldehyde 103 c is obtained in 66 % yield (Scheme 15).[27]

Finally, the high reactivity of these alkoxide complexed di-
alkylzinc reagents allow a bromine–zinc exchange reaction.
Therefore, various functionalized (hetero)aryl bromides (106 a–

d) are treated with 91 (0.8 equiv, 25 8C, 30 min–5 h), producing
biarylzincs 107 a–d. After various electrophilic trapping reac-
tions, a plethora of functionalized arenes and hetero-
arenes 108 a–d are obtained in 60–77 % yield (Scheme 16).[27]

Scheme 13. Preparation of the dialkylzinc reagent sBu2Zn·2LiOR (91).

Scheme 14. Generation of diarylzinc organometallics using sBu2Zn·2LiOR
(91).

Scheme 15. Iodine–zinc exchange of highly sensitive substrates using ex-
change reagents of the general formula R2Zn·2LiOR. [a] CuI (20 mol%) is
used. [b] sBu2Zn·2LiOR (91, 0.6 equiv, 25 8C, 10 min). [c] pTol2Zn·2LiOR (104,
0.6 equiv, –15 8C, 15 min) is used. [d] tBu2Zn·2LiOR (105, 0.8 equiv, 0 8C, 10
min) is used.

Scheme 16. Bromine–zinc exchange of various (hetero)aryl bromides using
sBu2Zn·2LiOR (91). [a] Pd(OAc)2 (3 mol%), SPhos (6 mol%) and TMSCl (0.8
equiv) are used. [b] A 1 m CuCN·2LiCl solution in THF is used (20 mol%).
[c] CuI (20 mol%) is used.
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Transition-Metal-Catalyzed Halogen–Zinc
Exchange Reactions

The addition of transition metal salts also catalyzed the halo-

gen–zinc exchange. Whereas without a transition metal a large
excess of Et2Zn (5.0 equiv) is required to perform an iodine–
zinc exchange,[22] the addition of CuI (0.3 mol %) reduces the
amount to 1.5 equivalents. Also, the rate of the exchange reac-
tion is doubled.[28] Alkyl iodide 109, for example, when being
treated with Et2Zn (1.5 equiv) in the presence of CuI
(0.3 mol %) and stirred at 50–55 8C for 8 h, undergoes a com-
plete exchange. The resulting dialkylzinc 110 enantioselectively
adds to an aldehyde in the presence of the chiral catalyst 76
(8 mol %), providing the alcohol 111 in 68 % yield and 95 % ee
(Scheme 17).[28] It is noteworthy that the iodine–metal ex-

change is incomplete in absence of the copper salt and only a

yield of 33 % is obtained. When MnBr2 (5 mol %) and CuCl
(0.3 mol %) are simultaneously present in the reaction mixture,

not only alkyl iodides but also alkyl bromides readily undergo
halogen–metal exchange reactions.[29] Thus, when 4-bromobu-
tyrate (112) is treated with Et2Zn (0.9 equiv), MnBr2 (5 mol %),

and CuCl (0.3 mol %), alkylzinc bromide 113 is obtained. A sub-
sequent palladium-catalyzed cross-coupling, provides the 1,2-
functionalized arene 114 in 71 % yield (Scheme 17).

Various transition metals are able to catalyze an I/Zn ex-

change and palladium(II) or nickel(II) salts are suitable additives
to increase the rate of iodine–zinc exchange reactions.[30] When

iodoalkane 115, which contains a remote alkene moiety, is
treated with Et2Zn (2.0 equiv) in the presence of PdCl2(dppf)
(1.5 mol %) an iodine–zinc exchange takes place, followed by

cyclization, which leads to an organozinc halide 116. A copper-
mediated substitution reaction produces the functionalized cy-

clopentane 117 in 80 % yield (Scheme 18).[30] From a mechanis-
tic perspective, it is presumed that palladium undergoes an ox-

idative addition to the carbon iodine bond, followed by intra-

molecular carbopalladation. After two ligand exchange reac-
tions, 116 is formed, ethane and ethylene are set free, and the

Pd0 species is regenerated (Scheme 18).[30]

Such cyclization reactions are highly stereoselective and the

ring closure of iodoalkane 118, when treated with Et2Zn in the
presence of the palladium catalyst, produces, after an iodine–

zinc exchange and copper-mediated allylation, the trisubstitut-

ed cyclopentane 119 in a stereoconvergent manner
(Scheme 19).[30b]

Nickel-catalysis proved to be beneficial for the stereoselec-

tive preparation of heterocyclic zinc reagents.30d Thus, when
the iodinated acetal 120 is treated with Et2Zn (2.0 equiv) in the

presence of Ni(acac)2 (2 mol %) the radical intermediate 121
forms, which cyclizes to the alkylzinc iodide 122. Transmetala-

tion to copper and trapping with ethyl propiolate provides tet-
rahydrofuran 123 in 63 % yield and a cis :trans selectivity of

15:85 (Scheme 20).[30d]

When the iodo-tetrahydrofuran 124 is used under the same
reaction conditions, an iodine–zinc exchange leads to the most

stable radical 125, in which the alkyl substituents at C1 and C2
are in equatorial position and the alkoxy substituent (C3) is

positioned axially. After reaction with benzoyl chloride, the bi-
cyclic heterocycle 126 is isolated in 64 % yield (exo :endo = 2:98,

Scheme 21).30d

A further extension is achieved, when electron-rich triorga-
nozincates are combined with iron or cobalt catalysts, which

enables chlorine–zinc exchange reactions.[31] Adamantyl chlo-
ride (127), for example, is treated with the zincate 128 in the

presence of Fe(acac)2 (10 mol %) and 4-fluorostyrene
(20 mol %). After quenching of the resulting metal species with

Scheme 17. Copper- and manganese-catalyzed halogen–zinc exchange reac-
tions.

Scheme 18. Palladium catalyzed iodine–zinc exchange reactions, leading to
functionalized cyclopentanes.

Scheme 19. Stereoselective preparation of a trisubstituted cyclopentane by
radical cyclization after iodine–zinc exchange.
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MeSO2SMe, the thioether 129 is obtained in 66 % yield

(Scheme 22).[31] To expand the scope of this exchange reaction,
the zincate 130 was developed. However, the catalytic system

needs to be modified and Co(acac)2 provides best results.
Thus, trichlorinated arene 131 is treated with 130 in the pres-

ence of Co(acac)2 (20 mol %) and 4-fluorostyrene (50 mol %) at

elevated temperatures (50 8C, 5 h). Quenching of the resulting
organometallic with PhSO2SPh produces the diarylthio-

ether 132 in 63 % yield (Scheme 22).[31]

Generation of Fluorinated Organozinc Re-
agents by Halogen–Zinc Exchange Reactions

It was found, that fluorinated iodoalkanes react with diethyl-
zinc in the presence of a Lewis-base, producing dialkylzinc re-

agents.[32] A synthetic utility for these fluorinated zinc organo-
metallics was introduced by reacting these reagents with diio-

do(hetero)arenes under copper catalysis, producing fused fluo-
rinated ring systems.[33] Building up on these results, a dialkyl-

zinc reagent, designed for difluoromethylation reactions, was
developed.[34] Thus, when difluoroiodomethane is treated with
Et2Zn (0.5 equiv) in DMPU (N, N’-dimethylpropyleneurea), the
zinc reagent 133 is obtained in 94 % yield. Mixing 133 with
aryl halides or triflates, such as 134–135, under nickel-catalysis

in DMSO, affords the difluoromethylated (hetero)arenes 136–
137 in 67–72 % yield (Scheme 23).[34]

An interesting example for a difluoromethylene bis-carb-
anion surrogate is accessible by a cobalt-catalyzed halogen–

zinc exchange reaction.[35] Thus, when (bromodifluoromethyl)-

trimethylsilane (Me3SiCF2Br, 138) is treated with iPrZnI
(1.0 equiv, 5 8C, 20 h) in the presence of CoBr2·dppe (1 mol %),

the fluorinated alkylzinc organometallic 139 is generated in
88 % yield. It should be noticed, that a reductive zinc insertion

reaction mainly leads to homo-coupling of the zinc species. In
the first step, the generated alkylzinc 139 undergoes a copper-

catalyzed allylation reaction, providing intermediate 140 in

80 % yield. Next, the silyl group is activated by catalytic
amounts of cesium fluoride (15 mol %) and mixed with 4-chlor-
obenzaldehyde, producing alcohol 141 in 98 % yield
(Scheme 24).[35]

An example for the preparation of in situ generated fluori-
nated alkylzinc organometallics by iodine–zinc exchange is de-

Scheme 21. Stereoselective cyclization of an iodo-tetrahydrofuran using a
nickel-catalyzed iodine–zinc exchange.

Scheme 22. Iron- and cobalt-catalyzed chlorine–zinc exchange reactions
using electron-rich triorganozincates.

Scheme 23. Preparation of the difluoromethylation reagent 133 by iodine–
zinc exchange reaction and further cross-coupling reactions.

Scheme 24. Preparation of geminal difluoro derivatives by a bromine–zinc
exchange.

Scheme 20. Nickel-catalyzed iodine–zinc exchange for the stereoselective
preparation of tetrahydrofuran derivatives.
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scribed by Uchiyama and Hirano.[36] Various fluorinated halo-
genated arenes and alkenes (142, 2.25 equiv) are mixed with

iodoarenes of type 143, and Et2Zn (1.5 equiv), copper iodide
(10 mol %), and phenanthroline (0–20 mol %) are added. After

stirring at 90 8C for 16 h, the cross-coupled products 144 a–d
are obtained in 56–88 % yield (Scheme 25).[36]

Conclusion

The development of the halogen–zinc exchange reaction over

the last decades has made considerable progress. The tradi-
tional approach to prepare alkylzinc organometallics by zinc in-

sertion has been significantly extended with the development
of new and highly reactive halogen–zinc exchange reagents.

Both the use of lower order triorganozincates of type R3ZnLi or

higher order tetraorganozincates of type R4ZnLi2 allow the
preparation of various functionalized organic molecules, espe-

cially since the resulting zinc species are highly reactive to-
wards various electrophiles. A milder approach was developed

by using a set of dialkylzinc reagents complexed with metallic
salts such as MgBr2, Li(acac), or lithium alkoxides. Especially di-
alkylzinc organometallics complexed with lithium alkoxides of

type R2Zn·2LiOR show a large increase in reactivity in compari-
son with previously developed halogen–zinc exchange re-
agents, enabling a bromine–zinc exchange reaction in both
ethereal and non-polar solvents. Also, a range of transition-

metal-catalyzed halogen–zinc exchange reactions have been
developed, which enable a chlorine–zinc exchange reaction. A

large application field for the halogen–zinc exchange reaction

has been found in the preparation of sensitive fluorinated or-
ganozinc reagents, which can be employed in difluoromethyla-

tion or cross-coupling reactions. The latest developments to-
wards the preparation of highly reactive and yet mild diorga-

nozinc reagents will pave the way for novel transformations,
relying on the optimal balance between increasing reactivity

and high functional group tolerance.

Acknowledgements

We thank the DFG (SFB749) for financial support. We also
thank Albemarle (Hoechst, Frankfurt) and BASF SE (Ludwigsha-

fen) for the generous gift of chemicals. Finally, we thank Peter
Dowling for the frontispiece artwork.

Conflict of interest

The authors declare no conflict of interest.

Keywords: alkoxides · lithium · magnesium · metal–halogen

exchange · zinc

[1] a) V. Snieckus, Chem. Rev. 1990, 90, 879 – 933; b) F. Mongin, G. Qu8guin-
er, Tetrahedron 2001, 57, 4059 – 4090; c) A. Turck, N. Pl8, F. Mongin, G.
Qu8guiner, Tetrahedron 2001, 57, 4489 – 4505; d) R. E. Mulvey, F.
Mongin, M. Uchiyama, Y. Kondo, Angew. Chem. Int. Ed. 2007, 46, 3802 –
3824; Angew. Chem. 2007, 119, 3876 – 3899; e) B. Haag, M. Mosrin, H. Ila,
V. Malakhov, P. Knochel, Angew. Chem. Int. Ed. 2011, 50, 9794 – 9824;
Angew. Chem. 2011, 123, 9968 – 9999; f) F. Mongin, A. Harrison-March-
and, Chem. Rev. 2013, 113, 7563 – 7727; g) K. Murakami, S. Yamada, T.
Kaneda, K. Itami, Chem. Rev. 2017, 117, 9302 – 9332; h) M. Balkenhohl, P.
Knochel, SynOpen 2018, 2, 78 – 95; i) S. D. Robertson, M. Uzelac, R. E.
Mulvey, Chem. Rev. 2019, 119, 8332 – 8405.

[2] Handbook of Functionalized Organometallics (Ed. : P. Knochel), Wiley-
VCH, Weinheim, 2005.

[3] D. Tilly, F. Chevallier, F. Mongin, P. C. Gros, Chem. Rev. 2014, 114, 1207 –
1257.

[4] a) J. Clayden, Organolithiums : Selectivity for Synthesis (Ed. : J. Clayden),
Pergamon, Oxford, 2002 ; b) C. N#jera, J. M. Sansano, M. Yus, Tetrahe-
dron 2003, 59, 9255 – 9303; c) M. Perna, A. Salomone, V. Capriati, Lithium
Compounds in Organic Synthesis—From Fundamentals to Applications
(Eds. : R. Luisi, V. Capriati), Wiley-VCH, Weinheim, 2014.

[5] a) A. Krasovskiy, P. Knochel, Angew. Chem. Int. Ed. 2004, 43, 3333 – 3336;
Angew. Chem. 2004, 116, 3396 – 3399; b) A. Krasovskiy, B. F. Straub, P.
Knochel, Angew. Chem. Int. Ed. 2006, 45, 159 – 162; c) R. Li-Yuan Bao, R.
Zhao, L. Shi, Chem. Commun. 2015, 51, 6884 – 6900; d) D. S. Ziegler, B.
Wei, P. Knochel, Chem. Eur. J. 2019, 25, 2695 – 2703.

[6] a) T. Harada, D. Hara, K. Hattori, A. Oku, Tetrahedron Lett. 1988, 29,
3821 – 3824. See also: b) T. Harada, T. Katsuhira, A. Oku, J. Org. Chem.
1992, 57, 5805 – 5807; c) T. Harada, T. Katsuhira, D. Hara, Y. Kotani, K.
Maejima, R. Kaji, A. Oku, J. Org. Chem. 1993, 58, 4897 – 4907; d) T.
Harada, T. Katsuhira, K. Hattori, A. Oku, Tetrahedron 1994, 50, 7987 –
8002.

[7] a) A. O. King, N. Okukado, E.-i. Negishi, J. Chem. Soc. Chem. Commun.
1977, 683 – 684; b) D. Haas, J. M. Hammann, R. Greiner, P. Knochel, ACS
Catal. 2016, 6, 1540 – 1552.

[8] a) T. Harada, Y. Kotani, T. Katsuhira, A. Oku, Tetrahedron Lett. 1991, 32,
1573 – 1576. See also: b) T. Harada, K. Hattori, T. Katsuhira, A. Oku, Tetra-
hedron Lett. 1989, 30, 6035 – 6038; c) T. Harada, T. Katsuhira, K. Hattori,
A. Oku, J. Org. Chem. 1993, 58, 2958 – 2965; d) A. Shibli, J. P. Varghese, P.
Knochel, I. Marek, Synlett 2001, 0818 – 0820.

[9] a) T. Harada, T. Kaneko, T. Fujiwara, A. Oku, J. Org. Chem. 1997, 62,
8966 – 8967; b) T. Harada, T. Kaneko, T. Fujiwara, A. Oku, Tetrahedron
1998, 54, 9317 – 9332; c) T. Harada, M. Chiba, A. Oku, J. Org. Chem.
1999, 64, 8210 – 8213.

[10] Y. Kondo, N. Takazawa, C. Yamazaki, T. Sakamoto, J. Org. Chem. 1994, 59,
4717 – 4718.

[11] a) Y. Kondo, M. Fujinami, M. Uchiyama, T. Sakamoto, J. Chem. Soc. Perkin
Trans. 1 1997, 799 – 800, see also: b) Y. Kondo, T. Komine, M. Fujinami,
M. Uchiyama, T. Sakamoto, J. Comb. Chem. 1999, 1, 123 – 126.

[12] a) Y. Kondo, N. Takazawa, A. Yoshida, T. Sakamoto, J. Chem. Soc. Perkin
Trans. 1 1995, 1207 – 1208, see also: b) M. Uchiyama, M. Koike, M.
Kameda, Y. Kondo, T. Sakamoto, J. Am. Chem. Soc. 1996, 118, 8733 –
8734.

[13] a) E. Hevia, J. Z. Chua, P. Garc&a-]lvarez, A. R. Kennedy, M. D. McCall,
Proc. Natl. Acad. Sci. USA 2010, 107, 5294 – 5299; b) T. D. Bluemke, W.
Clegg, P. Garc&a-Alvarez, A. R. Kennedy, K. Koszinowski, M. D. McCall, L.
Russo, E. Hevia, Chem. Sci. 2014, 5, 3552 – 3562.

Scheme 25. Copper-catalyzed cross-coupling reactions of various fluorinated
arenes and alkanes with aryl iodides.

Chem. Eur. J. 2020, 26, 3688 – 3697 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3696

Minireview

https://doi.org/10.1021/cr00104a001
https://doi.org/10.1021/cr00104a001
https://doi.org/10.1021/cr00104a001
https://doi.org/10.1016/S0040-4020(01)00100-4
https://doi.org/10.1016/S0040-4020(01)00100-4
https://doi.org/10.1016/S0040-4020(01)00100-4
https://doi.org/10.1016/S0040-4020(01)00225-3
https://doi.org/10.1016/S0040-4020(01)00225-3
https://doi.org/10.1016/S0040-4020(01)00225-3
https://doi.org/10.1002/anie.200604369
https://doi.org/10.1002/anie.200604369
https://doi.org/10.1002/anie.200604369
https://doi.org/10.1002/ange.200604369
https://doi.org/10.1002/ange.200604369
https://doi.org/10.1002/ange.200604369
https://doi.org/10.1002/anie.201101960
https://doi.org/10.1002/anie.201101960
https://doi.org/10.1002/anie.201101960
https://doi.org/10.1002/ange.201101960
https://doi.org/10.1002/ange.201101960
https://doi.org/10.1002/ange.201101960
https://doi.org/10.1021/cr3002966
https://doi.org/10.1021/cr3002966
https://doi.org/10.1021/cr3002966
https://doi.org/10.1021/acs.chemrev.7b00021
https://doi.org/10.1021/acs.chemrev.7b00021
https://doi.org/10.1021/acs.chemrev.7b00021
https://doi.org/10.1021/acs.chemrev.9b00047
https://doi.org/10.1021/acs.chemrev.9b00047
https://doi.org/10.1021/acs.chemrev.9b00047
https://doi.org/10.1021/cr400367p
https://doi.org/10.1021/cr400367p
https://doi.org/10.1021/cr400367p
https://doi.org/10.1016/j.tet.2003.09.065
https://doi.org/10.1016/j.tet.2003.09.065
https://doi.org/10.1016/j.tet.2003.09.065
https://doi.org/10.1016/j.tet.2003.09.065
https://doi.org/10.1002/anie.200454084
https://doi.org/10.1002/anie.200454084
https://doi.org/10.1002/anie.200454084
https://doi.org/10.1002/ange.200454084
https://doi.org/10.1002/ange.200454084
https://doi.org/10.1002/ange.200454084
https://doi.org/10.1002/anie.200502220
https://doi.org/10.1002/anie.200502220
https://doi.org/10.1002/anie.200502220
https://doi.org/10.1039/C4CC10194D
https://doi.org/10.1039/C4CC10194D
https://doi.org/10.1039/C4CC10194D
https://doi.org/10.1002/chem.201803904
https://doi.org/10.1002/chem.201803904
https://doi.org/10.1002/chem.201803904
https://doi.org/10.1016/S0040-4039(00)82124-3
https://doi.org/10.1016/S0040-4039(00)82124-3
https://doi.org/10.1016/S0040-4039(00)82124-3
https://doi.org/10.1016/S0040-4039(00)82124-3
https://doi.org/10.1021/jo00048a002
https://doi.org/10.1021/jo00048a002
https://doi.org/10.1021/jo00048a002
https://doi.org/10.1021/jo00048a002
https://doi.org/10.1021/jo00070a027
https://doi.org/10.1021/jo00070a027
https://doi.org/10.1021/jo00070a027
https://doi.org/10.1016/S0040-4020(01)85284-4
https://doi.org/10.1016/S0040-4020(01)85284-4
https://doi.org/10.1016/S0040-4020(01)85284-4
https://doi.org/10.1039/c39770000683
https://doi.org/10.1039/c39770000683
https://doi.org/10.1039/c39770000683
https://doi.org/10.1039/c39770000683
https://doi.org/10.1021/acscatal.5b02718
https://doi.org/10.1021/acscatal.5b02718
https://doi.org/10.1021/acscatal.5b02718
https://doi.org/10.1021/acscatal.5b02718
https://doi.org/10.1016/S0040-4039(00)74275-4
https://doi.org/10.1016/S0040-4039(00)74275-4
https://doi.org/10.1016/S0040-4039(00)74275-4
https://doi.org/10.1016/S0040-4039(00)74275-4
https://doi.org/10.1016/S0040-4039(01)93847-X
https://doi.org/10.1016/S0040-4039(01)93847-X
https://doi.org/10.1016/S0040-4039(01)93847-X
https://doi.org/10.1016/S0040-4039(01)93847-X
https://doi.org/10.1021/jo00063a010
https://doi.org/10.1021/jo00063a010
https://doi.org/10.1021/jo00063a010
https://doi.org/10.1055/s-2001-14602
https://doi.org/10.1055/s-2001-14602
https://doi.org/10.1055/s-2001-14602
https://doi.org/10.1021/jo971615q
https://doi.org/10.1021/jo971615q
https://doi.org/10.1021/jo971615q
https://doi.org/10.1021/jo971615q
https://doi.org/10.1016/S0040-4020(98)00569-9
https://doi.org/10.1016/S0040-4020(98)00569-9
https://doi.org/10.1016/S0040-4020(98)00569-9
https://doi.org/10.1016/S0040-4020(98)00569-9
https://doi.org/10.1021/jo990937m
https://doi.org/10.1021/jo990937m
https://doi.org/10.1021/jo990937m
https://doi.org/10.1021/jo990937m
https://doi.org/10.1021/jo00096a005
https://doi.org/10.1021/jo00096a005
https://doi.org/10.1021/jo00096a005
https://doi.org/10.1021/jo00096a005
https://doi.org/10.1039/a608294g
https://doi.org/10.1039/a608294g
https://doi.org/10.1039/a608294g
https://doi.org/10.1039/a608294g
https://doi.org/10.1021/cc980021d
https://doi.org/10.1021/cc980021d
https://doi.org/10.1021/cc980021d
https://doi.org/10.1039/p19950001207
https://doi.org/10.1039/p19950001207
https://doi.org/10.1039/p19950001207
https://doi.org/10.1039/p19950001207
https://doi.org/10.1021/ja961320e
https://doi.org/10.1021/ja961320e
https://doi.org/10.1021/ja961320e
https://doi.org/10.1073/pnas.0913307107
https://doi.org/10.1073/pnas.0913307107
https://doi.org/10.1073/pnas.0913307107
https://doi.org/10.1039/C4SC01263A
https://doi.org/10.1039/C4SC01263A
https://doi.org/10.1039/C4SC01263A
http://www.chemeurj.org


[14] M. Uchiyama, M. Kameda, O. Mishima, N. Yokoyama, M. Koike, Y. Kondo,
T. Sakamoto, J. Am. Chem. Soc. 1998, 120, 4934 – 4946.

[15] a) M. Uchiyama, T. Furuyama, M. Kobayashi, Y. Matsumoto, K. Tanaka, J.
Am. Chem. Soc. 2006, 128, 8404 – 8405; b) T. Furuyama, M. Yonehara, S.
Arimoto, M. Kobayashi, Y. Matsumoto, M. Uchiyama, Chem. Eur. J. 2008,
14, 10348 – 10356; c) S. Nakamura, C. Y. Liu, A. Muranaka, M. Uchiyama,
Chem. Eur. J. 2009, 15, 5686 – 5694.

[16] N. T. T. Chau, M. Meyer, S. Komagawa, F. Chevallier, Y. Fort, M. Uchiyama,
F. Mongin, P. C. Gros, Chem. Eur. J. 2010, 16, 12425 – 12433.

[17] a) M. Uchiyama, T. Miyoshi, Y. Kajihara, T. Sakamoto, Y. Otani, T. Ohwada,
Y. Kondo, J. Am. Chem. Soc. 2002, 124, 8514 – 8515; b) M. Uchiyama, Y.
Kobayashi, T. Furuyama, S. Nakamura, Y. Kajihara, T. Miyoshi, T. Sakamo-
to, Y. Kondo, K. Morokuma, J. Am. Chem. Soc. 2008, 130, 472 – 480.

[18] a) T. Hirao, T. Takada, A. Ogawa, J. Org. Chem. 2000, 65, 1511 – 1515; b) T.
Takada, H. Sakurai, T. Hirao, J. Org. Chem. 2001, 66, 300 – 302.

[19] T. Higashihara, E. Goto, M. Ueda, ACS Macro Lett. 2012, 1, 167 – 170.
[20] a) J. Furukawa, N. Kawabata, J. Nishimura, Tetrahedron Lett. 1966, 7,

3353 – 3354; b) S. Miyano, J. Yamashita, H. Hashimoto, Bull. Chem. Soc.
Jpn. 1972, 45, 1946; c) S. Miyano, H. Hashimoto, Bull. Chem. Soc. Jpn.
1973, 46, 892 – 897; d) J. Furukawa, N. Kawabata, Adv. Organomet. Chem.
1974, 12, 83 – 134.

[21] a) H. E. Simmons, R. D. Smith, J. Am. Chem. Soc. 1959, 81, 4256 – 4264;
b) A. B. Charette, A. Beauchemin, Simmons-Smith Cyclopropanation Re-
action in Organic Reactions, Wiley, New York, 2004 ; c) W. Wu, Z. Lin, H.
Jiang, Org. Biomol. Chem. 2018, 16, 7315 – 7329.

[22] M. J. Rozema, A. Sidduri, P. Knochel, J. Org. Chem. 1992, 57, 1956 – 1958.
[23] a) W. Brieden, R. Ostwald, P. Knochel, Angew. Chem. 1993, 105, 629 –

631; b) H. Stadtmueller, P. Knochel, Organometallics 1995, 14, 3163 –
3166.

[24] L. Micouin, P. Knochel, Synlett 1997, 327 – 328.
[25] a) F. F. Kneisel, M. Dochnahl, P. Knochel, Angew. Chem. Int. Ed. 2004, 43,

1017 – 1021; Angew. Chem. 2004, 116, 1032 – 1036; b) L.-Z. Gong, P. Kno-
chel, Synlett 2005, 267 – 270.

[26] a) D. S-linger, R. Breckner, Chem. Eur. J. 2009, 15, 6688 – 6703; D. S. Zie-
gler, K. Karaghiosoff, P. Knochel, Angew. Chem. Int. Ed. 2018, 57, 6701 –
6704; Angew. Chem. 2018, 130, 6811 – 6815.

[27] M. Balkenhohl, D. S. Ziegler, A. Desaintjean, L. J. Bole, A. R. Kennedy, E.
Hevia, P. Knochel, Angew. Chem. Int. Ed. 2019, 58, 9244 – 9247; Angew.
Chem. 2019, 131, 9344 – 9348.

[28] M. J. Rozema, C. Eisenberg, H. Letjens, R. Ostwald, K. Belyk, P. Knochel,
Tetrahedron Lett. 1993, 34, 3115 – 3118.

[29] I. Klement, P. Knochel, K. Chau, G. Cahiez, Tetrahedron Lett. 1994, 35,
1177 – 1180.

[30] a) H. Stadtmueller, R. Lentz, C. E. Tucker, T. Stuedemann, W. Doerner, P.
Knochel, J. Am. Chem. Soc. 1993, 115, 7027 – 7028; b) H. Stadtmeller,
C. E. Tucker, A. Vaupel, P. Knochel, Tetrahedron Lett. 1993, 34, 7911 –
7914; c) S. Vettel, A. Vaupel, P. Knochel, Tetrahedron Lett. 1995, 36,
1023 – 1026; d) A. Vaupel, P. Knochel, J. Org. Chem. 1996, 61, 5743 –
5753.

[31] L. Melzig, C. R. DiHne, C. J. Rohbogner, P. Knochel, Org. Lett. 2011, 13,
3174 – 3177.

[32] a) H. Lange, D. Naumann, J. Fluorine Chem. 1984, 26, 435 – 444; b) D.
Naumann, C. Schorn, W. Tyrra, Z. Anorg. Allg. Chem. 1999, 625, 827 –
830.

[33] a) P. T. Kaplan, L. Xu, B. Chen, K. R. McGarry, S. Yu, H. Wang, D. A. Vicic,
Organometallics 2013, 32, 7552 – 7558; b) P. T. Kaplan, B. Chen, D. A.
Vicic, J. Fluorine Chem. 2014, 168, 158 – 162.

[34] L. Xu, D. A. Vicic, J. Am. Chem. Soc. 2016, 138, 2536 – 2539.
[35] a) M. D. Kosobokov, V. V. Levin, A. A. Zemtsov, M. I. Struchkova, A. A. Kor-

lyukov, D. E. Arkhipov, A. D. Dilman, Org. Lett. 2014, 16, 1438 – 1441;
b) A. D. Volodin, A. A. Zemtsov, V. V. Levin, M. I. Struchkova, A. D.
Dilman, J. Fluorine Chem. 2015, 176, 57 – 60.

[36] a) H. Kato, K. Hirano, D. Kurauchi, N. Toriumi, M. Uchiyama, Chem. Eur. J.
2015, 21, 3895 – 3900; b) X. Wang, K. Hirano, D. Kurauchi, H. Kato, N.
Toriumi, R. Takita, M. Uchiyama, Chem. Eur. J. 2015, 21, 10993 – 10996.

Manuscript received: October 21, 2019

Accepted manuscript online: November 19, 2019

Version of record online: January 22, 2020

Chem. Eur. J. 2020, 26, 3688 – 3697 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3697

Minireview

https://doi.org/10.1021/ja973855t
https://doi.org/10.1021/ja973855t
https://doi.org/10.1021/ja973855t
https://doi.org/10.1021/ja058246x
https://doi.org/10.1021/ja058246x
https://doi.org/10.1021/ja058246x
https://doi.org/10.1021/ja058246x
https://doi.org/10.1002/chem.200800536
https://doi.org/10.1002/chem.200800536
https://doi.org/10.1002/chem.200800536
https://doi.org/10.1002/chem.200800536
https://doi.org/10.1002/chem.200802393
https://doi.org/10.1002/chem.200802393
https://doi.org/10.1002/chem.200802393
https://doi.org/10.1002/chem.201001664
https://doi.org/10.1002/chem.201001664
https://doi.org/10.1002/chem.201001664
https://doi.org/10.1021/ja0202199
https://doi.org/10.1021/ja0202199
https://doi.org/10.1021/ja0202199
https://doi.org/10.1021/ja071268u
https://doi.org/10.1021/ja071268u
https://doi.org/10.1021/ja071268u
https://doi.org/10.1021/jo9919106
https://doi.org/10.1021/jo9919106
https://doi.org/10.1021/jo9919106
https://doi.org/10.1021/jo000976u
https://doi.org/10.1021/jo000976u
https://doi.org/10.1021/jo000976u
https://doi.org/10.1021/mz200128d
https://doi.org/10.1021/mz200128d
https://doi.org/10.1021/mz200128d
https://doi.org/10.1016/S0040-4039(01)82791-X
https://doi.org/10.1016/S0040-4039(01)82791-X
https://doi.org/10.1016/S0040-4039(01)82791-X
https://doi.org/10.1016/S0040-4039(01)82791-X
https://doi.org/10.1246/bcsj.45.1946
https://doi.org/10.1246/bcsj.45.1946
https://doi.org/10.1246/bcsj.46.892
https://doi.org/10.1246/bcsj.46.892
https://doi.org/10.1246/bcsj.46.892
https://doi.org/10.1246/bcsj.46.892
https://doi.org/10.1016/S0065-3055(08)60451-7
https://doi.org/10.1016/S0065-3055(08)60451-7
https://doi.org/10.1016/S0065-3055(08)60451-7
https://doi.org/10.1016/S0065-3055(08)60451-7
https://doi.org/10.1021/ja01525a036
https://doi.org/10.1021/ja01525a036
https://doi.org/10.1021/ja01525a036
https://doi.org/10.1039/C8OB01187G
https://doi.org/10.1039/C8OB01187G
https://doi.org/10.1039/C8OB01187G
https://doi.org/10.1021/jo00033a008
https://doi.org/10.1021/jo00033a008
https://doi.org/10.1021/jo00033a008
https://doi.org/10.1002/ange.19931050438
https://doi.org/10.1002/ange.19931050438
https://doi.org/10.1002/ange.19931050438
https://doi.org/10.1021/om00007a016
https://doi.org/10.1021/om00007a016
https://doi.org/10.1021/om00007a016
https://doi.org/10.1055/s-1997-760
https://doi.org/10.1055/s-1997-760
https://doi.org/10.1055/s-1997-760
https://doi.org/10.1002/anie.200353316
https://doi.org/10.1002/anie.200353316
https://doi.org/10.1002/anie.200353316
https://doi.org/10.1002/anie.200353316
https://doi.org/10.1002/ange.200353316
https://doi.org/10.1002/ange.200353316
https://doi.org/10.1002/ange.200353316
https://doi.org/10.1002/chem.200802488
https://doi.org/10.1002/chem.200802488
https://doi.org/10.1002/chem.200802488
https://doi.org/10.1002/anie.201802123
https://doi.org/10.1002/anie.201802123
https://doi.org/10.1002/anie.201802123
https://doi.org/10.1002/ange.201802123
https://doi.org/10.1002/ange.201802123
https://doi.org/10.1002/ange.201802123
https://doi.org/10.1002/anie.201903839
https://doi.org/10.1002/anie.201903839
https://doi.org/10.1002/anie.201903839
https://doi.org/10.1002/ange.201903839
https://doi.org/10.1002/ange.201903839
https://doi.org/10.1002/ange.201903839
https://doi.org/10.1002/ange.201903839
https://doi.org/10.1016/S0040-4039(00)93393-8
https://doi.org/10.1016/S0040-4039(00)93393-8
https://doi.org/10.1016/S0040-4039(00)93393-8
https://doi.org/10.1016/0040-4039(94)88017-4
https://doi.org/10.1016/0040-4039(94)88017-4
https://doi.org/10.1016/0040-4039(94)88017-4
https://doi.org/10.1016/0040-4039(94)88017-4
https://doi.org/10.1021/ja00068a092
https://doi.org/10.1021/ja00068a092
https://doi.org/10.1021/ja00068a092
https://doi.org/10.1016/S0040-4039(00)61508-3
https://doi.org/10.1016/S0040-4039(00)61508-3
https://doi.org/10.1016/S0040-4039(00)61508-3
https://doi.org/10.1016/0040-4039(94)02438-H
https://doi.org/10.1016/0040-4039(94)02438-H
https://doi.org/10.1016/0040-4039(94)02438-H
https://doi.org/10.1016/0040-4039(94)02438-H
https://doi.org/10.1021/jo960617s
https://doi.org/10.1021/jo960617s
https://doi.org/10.1021/jo960617s
https://doi.org/10.1021/ol201100p
https://doi.org/10.1021/ol201100p
https://doi.org/10.1021/ol201100p
https://doi.org/10.1021/ol201100p
https://doi.org/10.1016/S0022-1139(00)80970-7
https://doi.org/10.1016/S0022-1139(00)80970-7
https://doi.org/10.1016/S0022-1139(00)80970-7
https://doi.org/10.1002/(SICI)1521-3749(199905)625:5%3C827::AID-ZAAC827%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3749(199905)625:5%3C827::AID-ZAAC827%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3749(199905)625:5%3C827::AID-ZAAC827%3E3.0.CO;2-H
https://doi.org/10.1021/om401016k
https://doi.org/10.1021/om401016k
https://doi.org/10.1021/om401016k
https://doi.org/10.1016/j.jfluchem.2014.09.023
https://doi.org/10.1016/j.jfluchem.2014.09.023
https://doi.org/10.1016/j.jfluchem.2014.09.023
https://doi.org/10.1021/jacs.6b00053
https://doi.org/10.1021/jacs.6b00053
https://doi.org/10.1021/jacs.6b00053
https://doi.org/10.1021/ol5002297
https://doi.org/10.1021/ol5002297
https://doi.org/10.1021/ol5002297
https://doi.org/10.1016/j.jfluchem.2015.05.009
https://doi.org/10.1016/j.jfluchem.2015.05.009
https://doi.org/10.1016/j.jfluchem.2015.05.009
https://doi.org/10.1002/chem.201406292
https://doi.org/10.1002/chem.201406292
https://doi.org/10.1002/chem.201406292
https://doi.org/10.1002/chem.201406292
https://doi.org/10.1002/chem.201501811
https://doi.org/10.1002/chem.201501811
https://doi.org/10.1002/chem.201501811
http://www.chemeurj.org

