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1. Introduction 

 

Organozinc compounds have been known for more than 150 years. (1, 2) With 

the exception of zinc enolates (Reformatsky reagents) (3-6) and 

iodomethylzinc derivatives (Simmons-Smith, (6-10) Furukawa, (11, 12) and 

Sawada (13) reagents), their synthetic potential has only been recently 

recognized. (14-19) This is certainly due to their low reactivity and to the 

absence of general methods of preparation. Although the carbon-zinc bond in 

diethylzinc has a dissociation energy of 34.5 kcal/mol, (20) it has, because of 

the similar electronegativities of zinc and carbon, a highly covalent character 

(ca. 85 %), (21) which is comparable to a carbon-tin bond. The carbon-zinc 

bond is therefore inert to moderately polar electrophiles such as aldehydes, 

ketones, esters, or nitriles. On the other hand, the presence of empty low-lying 

p orbitals at the zinc center allows transmetallations with a number of transition 

metal complexes (Eq. 1). This is favored for both kinetic and thermodynamic  
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reasons. (20) The availability of d orbitals at the metal center in these 

compounds allows for new reaction pathways with electrophilic reagents that 

were not available for the corresponding zinc reagents. This reactivity has 

been exploited for the formation of new carbon-carbon bonds and efficient 

cross-coupling reactions between organozinc derivatives and unsaturated 

organic halides, as Negishi has demonstrated using catalytic amounts of 

palladium(0) salts (Eq. 2). (22-28) Similar catalytic processes have been 

reported with copper(I) and titanium(IV) complexes, which can mediate 

numerous reactions of organozinc reagents with organic electrophiles. (14) 
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The scope and synthetic applications of zinc organometallics were greatly 

extended when it was found that these species can accommodate a wide 

range of functional groups. They are ideally suited for the construction of 

polyfunctional organic molecules without the use of multiple protection and 

deprotection steps. Although some functionalized organozinc compounds 

bearing ester groups such as 1, (29) 2, (30-34) or 3 (30-34) had been reported, 

it was only recently that systematic studies have shown the synthetic potential 

of these reagents. (14-18) This chapter  

   

 

describes methods for the preparation of functionalized organozinc halides, 

diorganozincs, and organozincates and their reactions with electrophilic 

reagents in the presence of transition metal catalysts, as well as synthetic 

applications demonstrating their synthetic utility for natural product synthesis. 

Only the preparation and reactivity of zinc organometallics bearing relatively 

reactive functional groups are covered. Thus, the chemistry of organozinc 

compounds bearing an ether, acetal, ketal, trialkylsilyl, or polyfluoroalkyl group 

is, in general, not covered. 
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2. Mechanism and Stereochemistry 

 

Several methods are available for preparing alkylzinc organometallics. Thus, 

alkylzinc halides are obtained either by transmetallations from other 

organometallics, typically organolithium or magnesium derivatives, or by the 

direct insertion of zinc metal into a carbon-halogen bond. Diorganozincs are 

prepared by transmetallations, iodine-zinc exchange reactions, or boron-zinc 

exchange reactions (Eq. 3). 
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The mechanism of formation of zinc organometallics from the corresponding 

alkyl iodides has not been studied in detail, and only partial information is 

available. There is no general method for producing secondary alkylzinc 

halides with a well-defined configuration starting from a chiral alkyl Iodide. The 

insertion of zinc dust into secondary alkyl iodides proceeds nonselectively, 

certainly via a SET mechanism to afford a mixture of stereoisomers. Thus, 

pure trans-1-acetamido-2-iodocyclohexane (4) affords, after zinc insertion, 

transmetallation with CuCN· 2LiCl, and allylation, the allylated product 5 as a 

1:1 mixture of diastereomers (Eq. 4). (35) Nevertheless, in the case of strained 

and sterically  
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hindered alkyl iodides such as 6, zinc insertion occurs with complete retention 

of configuration. Interestingly, the zinc organometallic species formed is further 

transmetallated with CuCN· 2LiCl with retention of configuration and is 

quenched with trimethyltin chloride with retention of configuration (Eq. 5). (35) 
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Similarly, the organozinc reagent derived from β -iodoester 7 reacts with an 

acid chloride in the presence of catalytic amounts of (Ph3P)2PdCl2 and 

provides only products derived from the cis-zinc reagent 8 (Eq. 6). (36-38) 

Although the configurational  
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stability of acyclic organozinc derivatives has not been investigated for 

preparative applications, 1H NMR studies have shown that secondary 

dialkylzincs such as dineohexylzinc have high configurational stability, and the 

activation energy for inversion has been estimated to be ~26 kcal/mol. (39) As 

shown in Eq. 5, the transmetallation of a secondary organozinc Iodide with 

CuCN· 2LiCl occurs with retention of configuration. Similarly it has been shown 

that the transmetallation from zinc(II) to palladium(II)-species occurs with 

retention of configuration. (40) At present, the data available indicate that 

transmetallation of secondary organozinc reagents to at least organocoppers 

or organopalladiums occurs with retention of configuration. Tentatively, this is 

best explained by assuming a four-center mechanism (Eq. 1). No 

comprehensive study is available showing that this stereoselectivity for 

transmetallation is general. Interestingly, the preparation of chiral secondary 

organozinc derivatives via a boron-zinc exchange reaction also occurs with 

high retention of configuration, making this reaction the best suited for the 

preparation of chiral secondary dialkylzincs. 

 

Starting from 1,1-bimetallic reagents of magnesium and zinc of type 9, it is 

possible to perform a selective deuterolysis of the reactive carbon-magnesium 

bond followed by iodolysis of the organozinc intermediate 10 leading to the 

product 11 as a 60:40 mixture of stereoisomers. Starting with α -deuterated 

bimetallic compound 9 and performing a protonation with MeOH followed by 
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iodolysis furnishes the primary alkyl Iodide 11 as a 34:66 mixture of 

diastereoisomers, showing that some open-chain primary organozinc halides 

can retain their configuration (Eq. 7). (41) 
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The best and most general method for preparing configurationally stable 

secondary diorganozincs involves a boron-zinc exchange reaction. (40, 42) 

Thus, the hydroboration of phenylcyclopentene 12 with 

monoisopinocampheylborane [(–)–IpcBH2; 99% ee] (43) provides, after 

recrystallization, the chiral borane 13 with 94% ee. Treatment of 13 with 

diethylborane to remove the Ipc group (50°, 16 hours) followed by the addition 

of i-Pr2Zn provides the configurationally stable mixed diorganozinc reagent 14, 

which in the presence of CuCN· 2LiCl and allyl bromide furnishes the alkylated 

product 15 (Eq. 8). (44) 
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Interestingly, this reaction sequence can be extended to open-chain olefins. 
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The Z-styrene (Z-16) furnishes the anti product (anti-17) with high 

diastereoselectivity (syn:anti = 8:92) under these conditions. The 

enantioselectivity of the asymmetric hydroboration of these open-chain 

organoboranes lies between 46 and 74% ee (Eq. 9). (44) Several other 

electrophiles react with the intermediate zinc-copper reagents with retention of 

configuration. (44a) 
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It is also possible to perform stereoselective palladium(0)-catalyzed 

cross-coupling reactions. Thus, the palladium(0)-catalyzed alkenylation of 

1-methylindene (18) via the hydroboration–boron-zinc exchange sequence 

provides trans-indane derivative 19 with 99:1 trans:cis selectivity (Eq. 10). 

Similarly, the palladium(0) catalyzed acylation of styrene Z-16 furnishes the 

anti-ketone 21 (anti:syn ratio = 90:10; 88% ee) via the zinc reagent anti-20 (Eq. 

11). 
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3. Scope and Limitations 

3.1. Preparation Methods  
 

3.2. Direct Insertion of Zinc Metal into Organic Halides  
The insertion of zinc dust into organic halides is the most general method for 

preparation of functionalized organozinc halides. The reaction is sensitive to 

the reaction conditions (solvent, concentration, temperature), to the nature of 

the organic halide, and to the method of zinc activation. Whereas several 

solvent systems have been used in the past, (2) performing the reaction in 

THF as first described by Gaudemar (45) is the most convenient. Thus, the 

addition of a primary alkyl Iodide as a 2.5–3.0 M solution in THF to zinc dust 

previously activated by 1,2-dibromoethane and chlorotrimethylsilane (46, 47) 

leads to rapid formation of the corresponding alkylzinc Iodide (35–40°, 2 

hours). Secondary alkyl iodides react even faster (room temperature, 1–2 

hours) and provide the secondary alkylzinc iodides in high yields without the 

formation of elimination products. Most importantly, this modified procedure of 

Gaudemar (45) can be performed with a variety of polyfunctional iodides and 

gives unique access to polyfunctional alkylzinc halides. Functional groups 

such as ester, (47-74) ether, (50, 51, 66) acetate, (50-57, 59, 60, 63, 64, 68) 

ketone, (47-49) cyano, (47-57, 63, 65-76) halide, (47, 48, 57, 64, 67, 73) N, 
N-bis(trimethylsilyl)amino, (76) primary and secondary amino, (77) amide and 

phthalimide, (35, 78-80) trialkoxysilyl, (81) sulfoxide, (82) sulfide, (83) sulfone, 

(82, 83) thioester, (83) boronic ester, (61, 62, 64, 67, 84-86) enone, (54, 87-89) 

and phosphate (53, 90) can be present during formation of the organozinc 

reagent (Eq. 12). (14) 
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The presence of highly acidic protons of alcohols, phenols, some 

N-heterocycles (imidazole, adenine, uracil), diamines (1,2-diaminobenzene) or 

ethyl acetoacetate is very disadvantageous. (78) However, the preparation of 

primary alkylzinc iodides tolerates the presence of a wide range of primary or 

secondary amines. (78) Primary amines even enhance the rate of zinc 
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insertion into the alkyl Iodide. Organozinc derivatives bearing relatively acidic 

protons, such as (22–25), can be prepared under standard conditions. (35, 78), 

(91–102) Functional groups like nitro or azide, which can readily accept an 

electron from the zinc surface, inhibit organozinc formation. 

   

 

 

 

Whereas alkyl iodides in THF insert zinc dust between 20–40°, more reactive 

benzylic or allylic halides react with zinc powder under even milder conditions. 

(45) With these substrates, the formation of Wurtz-coupling products can be a 

problem. However, zinc insertion usually leads to smaller amounts of reductive 

coupling in these cases than does the corresponding insertion of magnesium 

or lithium. Therefore, allylzinc halides are the reagents of choice for performing 

nucleophilic allylation reactions. (45) The presence of electron-donating 

substituents in the benzylic or allylic halide enhances the Wurtz-coupling 

byproducts, and with benzylic bromide 26a only the homocoupling product 27 

is obtained (THF, 0°). By using the corresponding phosphate 26b and 

performing the reaction in dimethyltetrahydropyrimidinone (DMPU) in the 

presence of LiI, the desired benzylic zinc reagent 28 is obtained without any 

self-coupling byproduct (Eq. 13). (103) Similarly, allylic phosphates are 

smoothly converted to the corresponding allylzinc reagents under these 

conditions. These reagents in the polar solvent  
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DMPU react with allylic bromides from the most substituted end of the allylic 

anion, leading to a branched product such as the trienic ester 29 (Eq. 14). 

(103) 
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Not only primary alkyl iodides can serve as substrates for the preparation of 

alkylzinc derivatives, but also primary alkyl phosphates, mesylates, chlorides, 

bromides, and tosylates likewise react with zinc dust in dimethylacetamide 

(DMAC) or DMPU under mild conditions in the presence of lithium, sodium, or 

cesium iodides and provide access to various functionalized zinc reagents (Eq. 

15). (103) The preparation of alkylzinc iodides can also be performed in  
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mixtures of benzene and DMAC or hexamethylphosphoramide (HMPA) using 

zinc-copper couple. (80, 104, 105) Polyfluorinated organozinc iodides have 

also been prepared by the insertion of zinc metal in THF or dioxane (Eq. 16). 

(106-115) 
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A complex reaction occurs when difluorodihalomethanes such as CF2Cl2 or 

CBr2F2 are subjected to zinc insertion in dimethylformamide (DMF), producing 

a mixture of bis(trifluoromethyl)zinc and trifluoromethylzinc halide in excellent 

yield (Eq. 17). (116, 117) The insertion of zinc dust into primary alkyl bromides 

in  
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THF is possible only if activated zinc is used. (46) Iodinated nucleosides can 

be converted to the corresponding zinc reagents under mild conditions using 

either DMAC or THF as solvent depending on the solubility of the substrate. 

After a palladium(0) catalyzed cross-coupling reaction with an aryl Iodide, 

arylated nucleosides are obtained in satisfactory yields (Eq. 18). (118, 119) 
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An especially active zinc powder can be generated by reducing zinc chloride 

with lithium naphthalenide in THF. This activated zinc reacts with alkyl 

bromides (THF, room temperature) in a few hours and with aromatic bromides 

in THF at reflux, affording alkylzinc and arylzinc bromides. This procedure 

tolerates the presence of various functional groups (i.e. ester, nitrile, aromatic 

ketone or halide) (Eq. 19). (120-127) 
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Secondary and tertiary alkyl bromides react even more readily, leading to the 

desired zinc reagents under mild conditions. (128-131) Thus, remarkable 

chemoselectivity is observed with a dibromoalkane such as 30 that bears both 

a primary and a tertiary alkyl bromide function. Only zinc insertion into the 

tertiary carbon-bromine bond is observed, which after transmetallation to an 

intermediate copper species and Michael addition leads to product 31 in 65% 

yield (Eq. 20). (132) Functionalized secondary zinc reagents are obtained from 

secondary bromides in this way. (131) 
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A related procedure based upon reaction of the graphite intercalation 

compound C8K with a slurry of zinc chloride and silver acetate (10 mol %) 

produces a zinc-silver couple deposited on graphite which reacts with aromatic 

and heteroaromatic iodides at room temperature (Eq. 21). (133) 
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Interestingly, secondary alkyl bromides have such high reactivity that a direct 

insertion using moderately active zinc deposited on titanium dioxide is 

sufficient to provide the corresponding secondary organozinc compound. (134) 

In general, zinc insertion into an sp2 C － I bond is far more difficult than into 

an sp3 C-I bond and requires either the use of polar solvents (48, 135) or the 

use of highly activated zinc. (136-142) A potentially promising preparation of 

diarylzincs is the direct reaction of aryl bromides with lithium metal and zinc 

chloride under sonication. (143-149) The resulting diarylzincs are quite 

reactive and undergo Michael additions to enones in the presence of nickel(II) 

salts (Eq. 22). (143) 
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The substituents attached to the aromatic ring or to the double bond of an 
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alkenyl Iodide greatly influence the rate of insertion of zinc. 

Electron-withdrawing substituents facilitate zinc insertion. Also, the presence 

of a heteroatom (S, N, O) at the position γ to the carbon-iodine bond has a 

positive effect. Thus, 3-iodo-2-cyclohexenone is converted to the 

corresponding zinc derivative 32 under mild conditions (THF, 25–50°, 0.5 hour; 

>85 % yield). (87, 88) 

   

 

 

 

Similarly, 2-bromotrifluoropropene reacts with the Zn(Ag) couple in the 

presence of N,N,N ,N -tetramethylethylenediamine (TMEDA), leading to 

the zinc reagent 33 in 93 % yield (THF, 60°, 9 hours). (150-154) 

Electrochemical methods (155) using sacrificial zinc anodes in the presence of 

nickel 2,2 -bipyridyl provide an excellent alternative to the preparation of 

functionalized arylzinc halides (Eq. 23). (156-159) The method can be applied 

to heterocyclic compounds like 2- and 3-chloropyridine or 2- and 

3-bromothiophene. (159, 160) 
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Zinc metal containing catalytic amounts of zinc formed by electroreduction of 

ZnX2 (X = Br, Cl) is very reactive toward α -bromoesters and allylic or benzylic 

bromides. (161, 162) 

3.3. Halide-Zinc Exchange  
Diorganozincs are important reagents because they are more reactive than 

organozinc halides, and they have been used extensively in asymmetric 

synthesis. (14, 163) Until a few years ago, the preparation of diorganozincs 

had been limited to nonfunctionalized reagents since they were obtained by 

transmetallation of organolithiums or organomagnesium halides with zinc salts. 

(2) An iodine-zinc exchange reaction is a practical way for preparing 
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polyfunctional diorganozincs (FG–R)2Zn (Eq. 24). Diiodomethane reacts 

readily with diethylzinc to provide ethyl(iodomethyl)zinc (34) and ethyl Iodide 

via an iodine-zinc exchange reaction (Eq. 25). (11, 12) Recently, it was found 

that a wide range of polyfunctional primary alkyl iodides  
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undergo this exchange if treated neat with diethylzinc in the presence of a 

catalytic amount of copper(I) Iodide or copper(I) cyanide. (64, 164) In the 

absence of copper salts, the reaction requires a large excess of diethylzinc 

(3–5 equivalents) and longer reaction times. A possible mechanism for the 

catalytic effect of the copper salt is given in Scheme 1. The reaction of 

diethylzinc with copper(I) iodide generates ethylcopper, which decomposes at 

50° to an ethyl radical and copper(0). A copper mirror is observed at the end of 

the reaction. The ethyl radical undergoes radical substitution with the primary 

alkyl iodide to provide the radical (R·), which adds to diethylzinc. A mixed 

alkyl(ethyl)zinc and an ethyl radical are produced after fragmentation. The 

ethyl radical initiates a new catalytic cycle. (164) This method provides general 

access to functionalized dialkylzincs such as 35–37. Because of the higher 

reactivity of dialkylzincs compared to alkylzinc halides, functional groups such 

as ketones or terminal acetylenes are not tolerated in these reagents. Besides 

copper(I) salts, a variety of transition metal salts catalyze the halide-zinc 

exchange. 
Scheme 1.  
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Especially interesting is the palladium(II)- or nickel(II)-catalyzed exchange 

reaction. In these cases, the product is not a dialkylzinc but rather an alkylzinc 

iodide (Eq. 26). (165–166a) The mechanism almost certainly involves radical 

intermediates. Treatment of the unsaturated iodide 38 with diethylzinc 

produces the cyclopentylmethylzinc iodide 39, which can be subsequently 

trapped with an electrophile (Eq. 27). (165-167) 
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This radical cyclization leading to zinc organometallics can also be performed 

with secondary alkyl iodides and proceeds with high stereoselectivity with the 

appropriate substituents (Eq. 28). (166) The preparation of polycyclic 

molecules via tandem cyclization is also possible. (168) Applications of the 

method to the synthesis of (+)-methyl jasmonate, (169) (–)-methyl curcurbate, 

(169) and (–)-methylenolactocin (170, 171) using a nickel-catalyzed 

carbozincation have been reported. 
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Finally, this method can be applied to the preparation of benzylic zinc reagents. 

(165, 172) Mixed metal catalysis using manganese(II) bromide and copper(I) 

chloride allows bromine-zinc exchange to occur with functionalized primary 

alkyl bromides in the polar solvent (173-175) DMPU under very mild conditions 

(room temperature, 4–10 hours; Eq. 29). (176) 
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The direct insertion of zinc metal into primary alkyl bromides does not proceed 
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in THF and is slow in DMPU. (103) Interestingly, the iodine-zinc exchange 

reaction can be light-initiated. (177) A favorable equilibrium occurs in solution 

at room temperature with only 1 equivalent of Et2Zn when a solution of the 

alkyl iodide in CH2Cl2 is irradiated at >280 nm, allowing a faster synthesis of 

the dialkylzinc compared to the thermal copper-catalyzed reaction. The 

halide-zinc exchange can be performed with i–Pr2Zn. This reagent needs to be 

salt-free if configurationally well-defined reagents are to be prepared. (16-18) 

However, if the configuration of the zinc organometallics is not relevant, then 

the in situ generation of i–Pr2Zn from i-PrMgBr and ZnBr2 (0.5 equivalent) is a 

convenient method for preparing complex secondary diorganozincs (Eq. 30). 

(178) 
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Mixed diorganozincs of the type RZnCH2SiMe3 allow selective transfer of the 

group R. (179, 180) The Me3SiCH2 group is too unreactive to be transferred 

and plays the role of a dummy ligand. These mixed reagents avoid the waste 

of a precious organic group R in the reaction of diorganozincs with 

electrophiles (Eq. 31). (180) 
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3.4. Transmetallation Reactions  
3.4.1. Lithium-Zinc Exchange  
Alkyllithiums are too reactive to tolerate most functionalities. (21, 181-183) 

However, alkenyl- and aryllithiums are significantly less reactive than their 

alkyl counterparts and therefore at very low temperatures tolerate the 

presence of several functional groups (i.e., halide, (184-188) sulfone, (189) 
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epoxide, (190) ester, (191-202) or cyano (198) groups). (203-208) The stability 

of these functionalized lithium derivatives can be greatly improved by 

performing a transmetallation with zinc salts to give the corresponding aryl- or 

alkenyl-zinc halide (Eq. 32). (209, 210) Whereas 1,2,2-trifluoroethenyllithium 

(40) is a very unstable carbenoid  
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reagent, the addition of zinc(II) salts leads to an organozinc reagent 41, which 

is stable at room temperature and can be used for the formation of 

carbon-carbon bonds with a large number of electrophiles (Eq. 33). (154, 

211-215) Similarly,  

   

 

 (33)   

 

the perfluorinated 2-propenyllithium 42 can be stabilized by transmetallation 

with zinc iodide, leading to 43 (Eq. 34). (114, 151-153) This method allows the 

preparation of functionalized organozinc reagents not available by other 

methods.  
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The presence of an azide function in an alkenyl iodide such as 44 completely 

inhibits zinc insertion. However, treatment of 44 with butyllithium (216-220) at 

low temperature followed by addition of a THF solution of zinc iodide leads to 

the desired alkylzinc iodide 45, which can be further transmetallated with 

CuCN· 2LiCl and added to ethyl propiolate (Eq. 35). (209) 
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Direct lithiation of vinyl carbamate 46 with s-BuLi furnishes an alkenyllithium 

which, after transmetallation with zinc bromide, leads to the functionalized 

alkenylzinc 47, which can undergo a palladium(0) catalyzed reaction with an 

aryl triflate (Eq. 36). (221) Interestingly, zinc enolates generated from the 

corresponding lithium enolates undergo a smooth intramolecular 

carbometallation to pyrrolidine derivatives (Eq. 37). (222-226) Similarly, amide, 

ester or hydrazone zinc enolates are able to add to reactive double bonds, 

even in an intermolecular fashion. (227, 228) 
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3.4.2. Magnesium-Zinc Exchange  
Since the carbon-magnesium bond is more covalent than the carbon-lithium 

bond, it is possible to prepare functionalized arylmagnesium halides using an 

iodine-magnesium exchange reaction. (229) Thus, treatment of an aryl iodide 

bearing an electron-withdrawing group with i–Pr2Mg or i-PrMgBr in THF at 

–40° leads to a fast and quantitative iodine-magnesium exchange that affords 

the corresponding magnesium reagent. After addition of a zinc(II) salt, the 

corresponding organozinc reagent undergoes nickel-catalyzed cross-coupling 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




with an alkyl iodide in the presence of p-trifluoromethylstyrene as promoter (Eq. 

38). (230) The role of the promoter is believed to lower electron density at the 

nickel center thereby facilitating reductive elimination to the cross-coupling 

product. 

   

 

 

 

This iodine-magnesium exchange can be extended to the preparation of 

polyfunctional pyridylmagnesium derivatives. (230a-231) Also, some alkenyl 

iodides bearing a coordinating heteroatom in close proximity to the 

carbon-iodine bond undergo a smooth iodine-magnesium exchange leading to 

polyfunctional alkenylmagnesium compounds with retention of the double 

bond configuration. (232) 

3.4.3. Boron-Zinc Exchange  
Triorganoboranes readily undergo transmetallation reactions with dialkylzincs 

(Eq. 39). (2) The driving force for the reaction is formation of volatile boranes 

such as trimethylborane (R1 = CH3). The reaction has  

   

  (39)   

 

proven to be very useful for the preparation of allyl or benzylzinc reagents as 

well as chiral secondary zinc reagents. (233-235), (40), (44) The 

transmetallation of alkenylboranes proceeds under especially mild conditions, 

leading to mixed alkenyl(alkyl)zincs in almost quantitative yield. (236, 237) 

Interestingly, the alkenyl moiety attached to zinc is more reactive than the alkyl 

group and is selectively transfered to an organic electrophile. Functionalized 

alkenylzinc derivatives are available by this method. (238) Similarly, 

functionalized trialkylboranes are transmetallated to dialkylzincs (Eq. 40). (239, 

240) 
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The use of diethylborane in hydroborations (241) leads to the desired boranes 

in excellent yields and avoids the use of a large excess of diethylzinc for 

transmetallation (Eq. 40). This hydroboration reagent can be conveniently 

prepared by mixing the borane-methyl sulfide complex and triethylborane in 

the appropriate stoichiometry (1:2). The regioselectivity of hydroboration is 

often excellent. (241) The procedure allows for the preparation of zinc 

organometallics not available from the corresponding organic halides. Thus, 

stilbene is cleanly converted to the secondary benzylic zinc reagent 48, which 

after transmetallation with copper cyanide·lithium chloride complex adds 

smoothly to diethyl benzylidenemalonate (Eq. 41). (240) The mild conditions 

required for performing the boron-zinc exchange make this method one of the 

simplest, most general, and highest yielding syntheses of polyfunctional 

diorganozincs. 

   

 

 

 

This procedure has great synthetic potential and is the most general and 

versatile method for preparation of functionalized diorganozincs. Remarkably, 

substrates bearing acidic hydrogens, like primary nitroalkanes or 

alkylidenemalonates, are readily hydroborated and undergo smooth 

boron-zinc exchange. After a copper catalyzed allylation, the expected 

allylated products are obtained in high yields (Eq. 42). (242) The boron-zinc 

exchange proceeds under significantly milder conditions (0° instead of 50°) for 

primary alkyl derivatives, and requires only a few minutes compared to the 

several hours that are necessary in the iodine-zinc exchange. Nevertheless, 
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the boron-zinc exchange reaction using Et2Zn has some drawbacks and does 

not proceed rapidly with hindered secondary  

   

 

 (42)   

 

alkyldiethylboranes. Also, a 1:1 mixture of diastereomeric zinc reagents is 

obtained with diastereomerically pure alkylboranes. As described above, these 

problems can be solved by using i–Pr2Zn instead of Et2Zn, thereby allowing 

the synthesis of secondary dialkylzincs. (40, 44) 

3.4.4. Mercury-Zinc Exchange  
Owing to the weak carbon-mercury bond, organomercurials readily undergo 

reductive transmetallation with zinc metal. (243) This method can be applied to 

functionalized organomercurials [(FG–R)2Hg] leading to a range of 

functionalized dialkylzincs (FG = ester, nitrile, chloride). (67) The 

transmetallation rate can be enhanced by zinc salts. In such a case, the 

reaction is complete within a few hours at 60°, whereas a temperature of 110° 
is required in the absence of ZnX2. (67) Polyfunctional (E)-alkenylzinc halides 

with high stereoisomeric purity can be prepared (Eq. 43). (67) The required 

diorganomercurials  

   

 
 (43)   

 

are obtained by various methods such as (1) the reaction of functionalized 

alkylzinc halides with mercury(I) chloride (67) (Eq. 44), (2) the substitution 

reaction between bis(iodomethyl)mercury and copper-zinc organometallics 

(FG-RCu(CN)ZnI, Eq. 45), (67) or (3) the transmetallation of alkenylboronic 

esters  
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obtained by the hydroboration of alkynes with pinacolborane. (67, 244) 

Polyfluorinated zinc reagents can be prepared by the transmetallation of 

bis(trifluoromethyl)mercury with dimethylzinc in pyridine. (245, 246) 

3.4.5. Zirconium-Zinc Exchange  
Transition alkenyl organometallics such as alkenylzirconium 49 undergo a 

smooth transmetallation to the corresponding alkenylzinc compound 50 by the 

treatment with Me2Zn at –65°. The reaction is complete within a few minutes 

and a smooth reaction with aldehydes furnishes the corresponding allylic 

alcohols. The starting alkenylzirconium reagents are readily prepared from 

alkynes by hydrozirconation with Cp2Zr(H)Cl (Eq. 46). (247) 

   

 

 

3.5. Insertion Reactions Using ICH2ZnX 
Zinc carbenoids such as (iodomethyl)zinc iodide (248, 249) have been used 

principally for cyclopropanation reactions. (7-12, 250-265) However, these 

reagents have recently been used for the homologation of organocopper 

derivatives to provide new zinc-copper species (Eq. 47). (266-271) 
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The scope of the reaction is relatively broad. Copper enolates of nitriles, 

ketones, or aldehydes can be used, thus providing a route to homoenolates 

(Eq. 48). (65, 266, 270) Especially interesting are alkenyl- and alkynylcopper 

reagents  
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51 and 52, which after methylene homologation afford highly reactive allylic 

and propargylic copper-zinc compounds 53 and 54. By performing the reaction 

with iodomethylzinc iodide in the presence of a carbonyl compound, the 

resulting organometallics 53 and 54 are trapped by this electrophile (Eqs. 49 

and 50). (266-271) Several polyfunctional allylic zinc reagents such as (55–57) 

can be generated in situ by this method. (270) The addition of functionalized 

copper-zinc compounds to acetylenic compounds produces functionalized 

alkenylcoppers, which after homologation with ICH2ZnI lead to allylic 

zinc-copper compounds 57. These are efficiently trapped with carbonyl 

compounds to produce α-methylene- γ -butyrolactones with excellent 

stereoselectivity (Eq. 51). (270, 271) 
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An intramolecular version of this process allows the construction of bicyclic γ 

-butyrolactones 58 (Eq. 52). (270, 271) Intramolecular trapping of methylene 

homologated alkenylcoppers provides new cyclization products (Eq. 53). (270) 
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Higher homologs of ICH2ZnX can also be used for homologation reactions. For 

example, the addition of lithium carbenoid 59 to dibutylzinc furnishes an 

intermediate zincate 60, which after 1,2-migration gives the zinc-silicon 

1,1-bimetallic compound 61 (Eq. 54). (272, 273) 
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Zincates undergo the halide-zinc exchange reaction with various 
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1,1-dibromides to form zinc carbenoids, which undergo 1,2-migration (274-282) 

to give mixed dialkylzincs. (283-288) Only a few functional groups are tolerated 

under these reaction conditions. A related 1,2-migration delivers allenylzinc 

derivatives starting from propargylic mesylates. The trapping of allenylzincs 

with aldehydes provides homopropargylic alcohols with high 

diastereoselectivity (Eq. 55). (288) 
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Polymethylene homologations are generally performed in the presence of an 

excess of ICH2ZnX. After the first methylene homologation of an alkynylcopper, 

zinc-copper species are produced with reactivities different from the starting 

organometallics, so that very clean polymethylene homologation reactions can 

be achieved. Thus, treatment of an alkynylcopper 62 with an excess of 

(iodomethyl)zinc iodide produces the dienylcopper 63, which can be trapped 

by tert-butyl α -(bromomethyl)acrylate to form unsaturated ester 64 (Scheme 

2). (268) The first step is a methylene insertion leading to propargylzinc-copper 

intermediate 65, which is in equilibrium with the allenylcopper 66. The reaction 

of 66 with another equivalent of iodomethylzinc iodide produces 

allylcopper-zinc reagent 67 that is in equilibrium with the dienyl organometallic 

68. 
Scheme 2.  
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Further reaction of 68 with iodomethylzinc iodide leads to the reactive allylic 

reagent 69, which readily inserts a new methylene unit to give the unsaturated 

alkylcopper-zinc species 63, which, under mild reaction conditions (–80 to 0°) 
does not undergo further insertion reactions and can be trapped by an allylic 

bromide. The copper-zinc species 63 is especially unreactive. This is 

explained by the presence of large amounts of zinc salts, which form mixed 

zinc-copper clusters in which the organic moiety has a high probability of being 

attached to zinc. The degree of polymethylene homologation also depends on 

the reactivity of the electrophile added. Thus, the metallated propargylic ether 

70 reacts with benzaldehyde after a single methylene homologation. However, 

in the presence of the less reactive cyclopentanone, three methylene 

homologations occur first to generate a very reactive allylzinc-copper reagent, 

which is subsequently trapped by the ketone (Eq. 56). (270) Polyfluorinated 

zinc-copper reagents can be prepared by double insertion of difluoromethylene 

units brought about by reaction of a phenylcadmium halide with a 

trifluoromethylzinc derivative in the presence of CuBr (Eq. 57). (289) 
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Recently, the Simmons-Smith reagent ICH2ZnI has found renewed interest for 

the conversion of β -keto esters to γ -keto esters (290) or for stereoselective 

cyclopropanation of allylic alcohols. (291-291a) In the presence of the chiral 

dioxaborolane ligand 71, chiral polycyclopropane compounds 72 have been 

prepared with high enantiomeric excess (Eq. 58). (292, 293) Substituted zinc 

carbenoids like (CH3CHI)2Zn  

   

 

 (58)   

 

effect diastereoselective and enantioselective cyclopropanations of allylic 

alcohols under these reaction conditions. (294) An elegant epoxide synthesis 

starting from an aldehyde and using an intermediate zinc carbenoid has been 

reported (Eq. 59). (295) 
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3.6. Fragmentation of Homoallylic Zinc Alcoholates  
Substituted or functionalized allylic zinc reagents are difficult to prepare by 

direct zinc metal insertion because of extensive formation of 

Wurtz-homocoupling products. This problem has been solved by performing a 

fragmentation of zinc homoallylic alcoholates. Thus, conversion of alcohols 

73a-b to the corresponding zinc alcoholates leads to a fragmentation reaction 

with formation of a polyfunctional allylic zinc reagent that adds to 

benzaldehyde leading to the alcohols 74a-b (Eq. 60). (296, 297) Remarkably, 

this reaction is highly diastereoselective.  
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Thus, ketone 75 is converted to an allylic zinc alcoholate by the addition of 

n-BuLi followed by zinc chloride in the presence of an aldehyde, leading to the 

homoallylic alcohol 76 in 76% yield as one diastereoisomer (syn:anti > 2:98, 

Eq. 61). (297, 298) The generation of highly substituted allylic zinc reagents 

has also been exploited in intramolecular ene reactions (Eq. 62). (299) 
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3.7. Reactivity of Functionalized Organozincs  
 

3.8. Uncatalyzed Reactions  
Diorganozincs and organozinc halides display only moderate reactivity toward 

most organic electrophiles. However, several powerful electrophilic reagents 

react directly with zinc organometallics. Thus, the bromination or iodination of 

zinc derivatives proceeds in excellent yield. (2) Direct oxidation of organozinc 

reagents with oxygen allows efficient access to hydroperoxides. (2) Whereas 

most organometallic reagents (RM) react rapidly with oxygen, the resulting 

metal hydroperoxides (ROOM) are often reactive enough to oxidize the 

starting organometallic species, leading to a mixture of metal hydroperoxide 

and alkoxide (ROM). The moderate reactivity of zinc organometallics (300, 301) 

allows the preparation of hydroperoxides with good selectivity (Table I). The 

use of perfluorinated solvents leads to excellent results in these reactions, 

owing to the exceptionally high solubility of oxygen in these media. With 

perfluorohexane (302) as solvent, functionalized hydroperoxides can be 

obtained with excellent selectivity. (303-303a) Functionalized organozincs 

prepared by hydrozincation, carbozincation, or by boron-zinc exchange can be 

oxidized directly in a selective manner to the corresponding functionalized 

alcohols or hydroperoxides, depending on the reaction conditions. 

Pseudohalogens such as tosyl cyanide also react with a range of 

polyfunctional aryl-, alkenyl-, alkynyl-, and alkylzinc halides to provide the 

corresponding nitriles (Eq. 63 and Table I). (304) An interesting regioselectivity 

is observed with  
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benzylic organometallics. Whereas the reaction of tosyl cyanide with 

benzylzinc bromide selectively provides 2-methylbenzonitrile (76%) via an 

allylic rearrangement, reaction of the corresponding copper-zinc reagent leads 

to benzyl cyanide (80%; Eq. 64). (304) Diorganozincs rapidly react with 

chromium(0) pentacarbonyl· THF complex to give an intermediate 

organochromium(0) salt, (305-307) which under  
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one atmosphere of carbon monoxide undergoes an insertion reaction 

producing an acylmetallate that can be trapped with the Meerwein reagent to 

furnish functionalized Fischer-carbene 77 (Eq. 65). (308) Interestingly, 

immonium salt 78 reacts with organozinc derivatives leading to diallylamines of 

type 79, which can be readily deprotected (Eq. 66). (309) 
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The relatively polar chlorodiorganophosphines react with organozinc halides 

and diorganozincs to furnish polyfunctional phosphines in high yield. (310) The 

preparation of chiral phosphines is possible starting from terpenes. The 

hydroboration of β -pinene with BH3·Me2S gives tris(myrtanyl)borane, which 

after a boron-zinc exchange with Et2Zn gives bis(myrtanyl)zinc in quantitative 

yield. Its reaction with chlorophosphines provides chiral phosphines of 
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potential interest as ligands for catalytic asymmetric reactions (Eq. 67). (311) 

The preparation of  
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polyfunctional chlorophosphines 81 can be achieved by the reaction of 

Et2NPCl2 with organozinc compounds. After protection with BH3, the 

corresponding aminophosphine-borane complexes 80 are obtained. 

Treatment with HCl in ether provides the borane-protected chlorophosphine 81 

(Eq. 68). (312) 
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The reactivity of organozinc compounds can be increased by using polar 

solvents. Thus, in DMF functionalized diarylzincs 82 add to the reactive Schiff 

base 83 leading to the amino acid derivative 84 (Eq. 69). (313) Similarly, in 

NMP-THF  
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mixtures and in the presence of TMSCl, diorganozincs efficiently add to 

enones, unsaturated nitriles, and nitroolefins to afford the desired Michael 

adducts. (314-314a) 

3.9. Reactions Mediated by Copper(I) Salts  
For most synthetic applications of organozincs, transmetallation to a more 

reactive organometallic species is required. Of special interest for synthetic 

applications is the transmetallation of organozinc reagents to the mixed 

copper-zinc reagents tentatively represented as RCu(CN)ZnX. These reagents 

are obtained by treating either an organozinc halide or a diorganozinc with the 

THF-soluble complex of copper(I) cyanide and lithium chloride ( CuCN· 2LiCl). 

(47) The resulting copper species display a similar, but somewhat reduced, 

reactivity compared with organocopper compounds prepared from magnesium 

or lithium organometallics. (315-318) Only the opening of epoxides cannot be 

performed with copper-zinc reagents. All other reactions that lithium and 

magnesium cuprates normally undergo can be performed with zinc-copper 

organometallics. The structure of these mixed zinc-copper reagents is not 

known, but EXAFS spectroscopy indicates that the cyanide ligand is 

coordinated to the copper center. (319) They display high thermal stability and 

can be heated in solvents such as 1,2-dimethoxyethane or DMPU at 60–85° 
for several hours without appreciable decomposition. (14) 

3.9.1. Substitution Reactions  
Normally, zinc- or zinc-copper organometallics do not react with organosilicon 

halides such as TMSCl efficiently. However under certain conditions, the 

reaction proceeds, as in the case of the zincated uracil derivative 85, which 

gives the corresponding silylated heterocycle 86 at 50° (Eq. 70). (320) 

Triorganotin halides react more readily, and a stannylated phosphabenzene  
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has been obtained by the direct reaction of triphenylchlorostannane with the 

heteroaromatic zinc derivative 87 (Eq. 71). (321) The copper-zinc reagents 88 

are stannylated much more readily and afford polyfunctional stannanes in 

excellent yields (Eq. 72; Table II). (90) 
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Allylation of copper-zinc organometallics with allylic chlorides, bromides, or 

phosphates proceeds under mild conditions and usually in excellent yield. The 

substitution reactions show a very high SN2  selectivity (120, 139-141, 

322-324) (Eq. 73 and Tables III-V). (141) 
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In the presence of chiral ferrocenylamine 89 or related amines, an 

enantioselective substitution reaction can be performed with an 

enantioselectivity up to 98% ee (Eq. 74). (325-325a) In contrast, in the 

presence of nickel(0) or palladium(0) complexes, the SN2 substitution product 

is preferentially obtained. (75, 324) 
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Similarly, the in situ-generated copper carbenoid iodomethylcopper reacts with 

geranyl bromide with high SN2 selectivity (Eq. 75). (58) The allylation 

procedure can be applied to the preparation of isocarbocyclins. (324) The 

reaction of copper-zinc reagents with propargylic halides or tosylates provides 

allenes (Table VI). (94, 141) 
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A range of cationic unsaturated metal complexes such as pentadienyliron and 

pentadienylmolybdenum complexes readily add functionalized zinc-copper 

reagents to afford the corresponding cyclohexadienyl metal complexes (Table 

VII). (68-73) This reaction can be used for the construction of fused bicyclic 

ring systems (Eq. 76). (73) 

 

Alkylation of tropylium ion chromium carbonyl complex 90 with a functionalized 

alkylzinc iodide furnishes chromium complex 91, which is a key intermediate in 

a cedrene synthesis (Eq. 77). (326) 
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The cross-coupling reaction with unactivated alkynyl, alkenyl or alkyl iodides 

occurs under well-defined experimental conditions (Table VIII). Thus, the 

highly reactive alkynyl iodides and bromides react with copper-zinc 

organometallics at –60° to provide polyfunctional alkynes (55) (Table IX and 

Eq. 78). (327) Performing this coupling at higher temperatures with 

1-iodoalkynes leads to the formation of  

   

 

 (78)   

 

copper acetylides as byproducts (iodine-copper exchange reaction). (55) 

Cross-coupling with alkenyl iodides occurs readily if the alkenyl halide bears 

an electron-withdrawing substituent (such as nitro, ester, or keto) in the β 

position. In these cases, the substitution reaction certainly occurs via an 

addition-elimination mechanism. Thus, the addition of zinc-copper reagents to 

diethyl [(phenylsulfonyl)methylene]malonate (92) gives β -substituted 
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alkylidenemalonates 93 (Eq. 79). (57, 328) These products do not react with 

the excess zinc-copper organometallics under the mild reaction conditions 

used. (57, 328) 
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Similarly, the addition of α -alkoxyalkyl zinc-copper derivatives to 

(E)-2-(ethylsulfonyl)-1-nitroethylene (94) provides a simple access to trans- γ 

-acetoxynitroalkenes 95 (Eq. 80). (60) A range of other polyfunctional pure 

(E)-nitroalkenes can be prepared by this method. (63, 74) The addition of β 

-iodoenones proceeds particularly well and furnishes substituted enones 

(Table VIII). (209) 
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Squaric acid derivatives, which are of interest for pharmaceutical applications 

and for the preparation of new materials, can be obtained by a double 

addition-elimination of zinc-copper compounds to 

3,4-dichlorocyclobutene-1,2-dione (96). If the first organometallic is sufficiently 

bulky, a selective addition of two different zinc-copper reagents can be 

performed (Eq. 81). (329) 
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The coupling reaction with unactivated alkenyl iodides requires harsh reaction 

conditions. (330) However, the cross-coupling reaction occurs with retention of 

configuration of the alkenyl moiety and allows the preparation of polyfunctional 

alkenes (Table X). (330) Alkylation reactions with primary alkyl halides and 

benzylic halides proceed well with diorganozincs treated with one equivalent of 

a magnesium dimethylcyanocuprate [ Me2Cu(CN)(MgCl)2] in DMPU. The 

alkylation tolerates a range of functionalities (ester, cyanide, halide, 

nitroalkane), and transfer of the methyl group is not observed under these 

reaction conditions (Eq. 82). (331) 
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Recently, a promising nickel–catalyzed cross-coupling reaction between 

dialkylzincs and primary alkyl halides was reported. (332, 333) In the presence 

of m-trifluoromethylstyrene as promoter, dialkylzincs undergo a smooth 

cross-coupling reaction with functionalized primary alkyl iodides. (332) This 

cross-coupling allows the coupling of functionalized arylzincs with 

functionalized primary alkyl iodides, leading to polyfunctional aromatic 

compounds (Eq. 83). (230) The scope of the reaction appears to be broad. 
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The substitution of ferrocenyl acetates with various alkylzinc halides or 
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allylzinc bromides in the presence of BF3·OEt2 proceeds with high retention of 

configuration, furnishing polyfunctional ferrocenes in optically pure or highly 

enriched form. These compounds can be readily converted into useful chiral 

ligands for asymmetric catalysis (Eq. 84). (334-336) 
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The uncatalyzed reaction of acid chlorides with organozincs is sluggish and 

inefficient. In the presence of catalytic (10 mol %) or stoichiometric amounts of 

copper cyanide-lithium halide complex in THF (–20 to 0°, 6–12 hours), a clean 

reaction occurs to produce ketones in excellent yields (Table XI). The acylation 

reaction can be applied to dizinc organometallics (Eq. 85). (120) 
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Especially interesting is the benzoylation of the 1,3-dizincapropane 98 

obtained by boron-zinc exchange from the 1,3-diborane 97 (Eq. 86). (337, 338) 

Allylic  
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zinc reagents react readily with acid chlorides and anhydrides; however, a 

double addition of the allylic moiety usually occurs, (45, 339) leading to tertiary 
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alcohols. The double addition can be avoided by using a nitrile as the acylating 

agent under Barbier conditions (340-343) (Eq. 87). (341) 
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3.9.2. Addition Reactions  
Allylic, and to some extent propargylic, organozinc reagents add to aldehydes 

and ketones (Table XII). (344, 345) Thus, 2-carbethoxyallylzinc bromide (99), 

(346, 347) which is readily prepared by reaction of ethyl α 

-(bromomethyl)acrylate (348, 349) with zinc powder (30 mesh) in THF (17–20°, 
0.5 hour), reacts with a variety of aldehydes and imines to provide a direct 

entry to α -methylene- γ -butyrolactones and lactams. (346) Chiral lactams can 

be prepared by using amino acid derived imines (350, 351) (Eq. 88). (351) 

Unsymmetrically substituted  
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allylic zinc reagents react with carbonyl compounds at the more substituted 

end of the allylic system. (344, 345, 347) The use of allylic zinc reagents 

functionalized in position 2 allows for the preparation of various carbo- and 

heterocycles (352-359) (Eq. 89). (355) 
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The addition of propargylic zinc derivatives to aldehydes or ketones often 

provides a mixture of homopropargylic and allenic alcohols. (360-364) With 
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silylated propargylic zinc reagents 100, only anti-homopropargylic alcohols are 

obtained (Eq. 90). (365) Interestingly, alkenylzinc halides seem to possess 

high reactivity, and a direct addition of ethenylzinc chloride to a protected α 

-aminoaldehyde has been reported. (366) 
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Alkylzinc derivatives do not easily add to aldehydes or ketones. (2) However, 

in the presence of Lewis acids like titanium alkoxides, (135, 367) TMSCl, (368) 

or BF3·OEt2, (54) the reaction occurs smoothly (Table XIII and Eq. 91). (368) 
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By using either TMSCl or BF3·OEt2, it is possible to direct the reaction with α , 

β -unsaturated aldehydes toward either the 1,4- or the 1,2-adduct. Thus the 

treatment of cinnamaldehyde with the functionalized zinc-copper reagent 101 

in the presence of BF3·OEt2 produces only the allylic alcohol 102. Conversely, 

performing the same reaction in the presence of TMSCl produces only the 

Michael adduct 103 (Eq. 92). (54) 
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Whereas unsaturated aldehydes react directly with alkylzinc halides in the 

presence of BF3·OEt2, the less reactive aliphatic aldehydes require 

transmetallation to the corresponding zinc-copper species. In a noncomplexing 

solvent such as CH2Cl2, alkylzinc iodides react directly with polyfunctional 

aldehydes leading to alcohols with excellent diastereoselectivity in the 

“matched” case (Eq. 93). (369)  
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Like organotitanium reagents, (370) the addition of functionalized zinc-copper 

reagents to α -chiral aldehydes proceeds with good Cram selectivity. (54) 

Polyoxygenated metabolites of unsaturated fatty acids have been prepared by 

the addition of functionalized zinc-copper reagents in the presence of BF3·OEt2 

(Eq. 94). (371)  
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Functionalized 2-bromomethyloxazoles insert zinc under the conditions typical 

for benzylic halides (THF, 0°), and the resulting zinc reagents react with 
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aldehydes and ketones in the absence of a Lewis acid to provide a range of 

polyfunctional oxazoles in excellent yields (Eq. 95). (372) 
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Dialkylzincs undergo formal substitution with 4-acetoxy-6-alkyl-1,3-dioxanes 

104 in the presence of trimethylsilyl triflate (TMSOTf), leading to the 

corresponding trans-4,6-dialkyl-1,3-dioxanes 105 with excellent 

diastereoselectivity (Eq. 96). (373, 374) 
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With Barbier conditions and sonication, polyfluorinated alkyl iodides can be 

added to chiral aryl aldehyde-chromium complexes, leading to perfluoroalkyl 

arylcarbinols in 30–66% ee after removal of the tricarbonylchromium moiety. 

(374a) 

 

Since the direct addition of dialkylzincs to aldehydes is rather slow, use of a 

chiral catalyst in many cases allows the preparation of chiral secondary 

alcohols. This strategy has been widely developed with mostly diethylzinc or 

higher dialkylzincs. (163, 375, 376) An important extension in which a chiral 

titanium catalyst is used allows the catalytic enantioselective addition of 

functionalized dialkylzincs to aldehydes. This type of reaction is discussed in 

detail later. 

 

Ketones, except for some aryl ketones, do not add alkylzinc derivatives even in 

the presence of a Lewis acid catalyst. Similarly, nonactivated imines do not 

react with alkylzinc compounds. However, 1,2-diimines add dialkylzincs to give 
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alkylated amine derivatives. This allows the preparation of fused heterocycles. 

(377-379) Activated imines bearing an electron-withdrawing group at nitrogen 

are more reactive, and N-diphenylphosphinoylimines add dialkylzincs in the 

presence of a chiral β -amino alcohol providing, after acidic hydrolysis, chiral 

amines with excellent enantioselectivity (75–98% ee). (339, 380, 381) The in 

situ activation of imines by formation of an acyliminium salt has been used to 

activate pyridines and related heterocycles (382-386) (Eq. 97 (382)). 

Organozinc derivatives have also been added  

   

 

 (97)   

 

to iminium ions generated from α -aminothioethers, (387-390) cyclic γ 

-alkoxyenamines, (391) or α -cyanodihydropyridines. (392) Dialkylzincs add to 

imines in the presence of titanium tetrachloride in satisfactory yields. (393) 

 

One of the most important synthetic properties of classical organocopper 

reagents is their ability to undergo 1,4-addition reactions with high 

regioselectivity. (315-320, 394, 395) In the same manner, copper-zinc 

organometallics prepared by the reaction of an organozinc halide or a 

diorganozinc with the THF-soluble complex copper cyanide-lithium chloride 

(47) react with β -monosubstituted enones in the presence of TMSCl (396-407) 

to furnish the Michael adducts in excellent yields (Eq. 98). (47) The addition to 

β -disubstituted enones under these conditions does not  
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proceed well. However, by performing the reaction in HMPA, addition to 

β-disubstituted enones or to methyl acrylate occurs with satisfactory yields (Eq. 

99). (142)  
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A Lewis-acid activation with BF3·OEt2 allows the addition of functionalized 

zinc-copper reagents to β -disubstituted enones. (52) Interestingly, trialkylsilyl 

triflates promote the conjugate addition of alkynylzinc compounds to α, β 

-unsaturated enones, affording acetylenic silyl enol esters (Eq. 100). (408) 

Polyfunctional  
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alkenylzincates can be generated in situ from alkenylzirconium derivatives and 

added to enones in excellent overall yields (Eq. 101). (409) Intramolecular 

Michael additions have also been described, (65, 270) some under Barbier 

conditions  
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(Eq. 102). (89) Mechanistic studies of intramolecular addition reactions 

performed under Barbier conditions show that a small part of the cyclization 

product is formed through a radical mechanism, whereas the predominant 

reaction pathway proceeds via an organometallic intermediate. (89) Arylzinc 

halides generated by electrochemical reduction from the corresponding 

aromatic chloride or bromide using a sacrificial zinc electrode, after 

transmetallation with the copper bromidemethyl sulfide complex, undergo 

Michael additions with enones (Eq. 103). (156) The conjugate addition of 

functionalized zinc-copper reagents has been successfully applied to the 

synthesis of prostaglandins and related molecules (Eq. 104). (410-412) 
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Remarkably, in the presence of catalyst 106 and Cu(OTf)2 (2 mol%), it is 

possible to add polyfunctional diorganozincs to cyclic enones to form the 

1,4-addition products with very high enantioselectivities (Eq. 105). (413, 414) 

   

 

 (105)   

 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




 

 

Nickel(II) salts catalyze the 1,4-addition of diorganozincs to enones. (415) 

However, the scope of the reaction is narrow compared to the corresponding 

copper(I) mediated reactions. In the presence of chiral ligands, both the 

nickel(II)- (416-427) and copper(I)- (428, 429) catalyzed reactions lead to 

optically active conjugate addition products. (416-429) The addition to α , β 

-unsaturated esters is difficult. However, zinc-copper organometallics readily 

add to alkylidenemalonates (59, 60, 210) or related doubly activated Michael 

acceptors (59, 60) in high yields (Eq. 106). (210) 
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Nitroolefins undergo conjugate addition of a number of nucleophiles to give 

functionalized nitroalkanes, which are important intermediates and can be 

readily converted to amines by reduction or to carbonyl compounds by a Nef 

reaction. (430-434) The addition of organometallic nucleophiles to nitroolefins 

is less straightforward and often requires carefully chosen reaction conditions 

in order to avoid multiple additions of the metallic nitronate to the remaining 

nitroolefin. (435-437) Thus, addition of lithium or magnesium cuprates to 

nitrostyrene does not occur cleanly. (438-440) In contrast, copper reagents 

derived from functionalized organozinc halides (56, 63, 74) or diorganozincs 

(64) add to nitroolefins in high yields. Nitroolefins with a leaving group in the β 

-position, such as 1-acetoxy-2-nitro-2-propene (107), are especially reactive, 

and polyfunctional 2-nitroalkenes can be prepared by this method (Eq. 107). 

(56, 74) A similar high reactivity is observed  
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with (2-phenylsulfonyl)nitroethylene (108) and related molecules. They react 

with zinc-copper reagents at –60° providing pure (E)-nitroolefins via an 

addition-elimination mechanism (Eq. 108). (63, 74) The addition to  
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2,2-bis(methylthio)-1-nitroethylene (109) gives β -disubstituted nitroolefins, (74) 

which are not readily prepared by a nitroaldol reaction since the reaction of 

nitroalkanes with ketones is reversible. By using a dimetallic zinc-copper 

species, exo-(methylene)cycloalkanes are obtained (Eq. 109). (74) An 

alternative preparation of  

   

 

 (109)   

 

β -disubstituted nitroolefins can be performed by adding zinc-copper reagents 

to nitroolefins and quenching the resulting zinc nitronates with phenylselenyl 

bromide. The resulting nitroselenides can be oxidized with hydrogen peroxide 

to afford E/Z mixtures of β -disubstituted nitroalkenes (Table XVI and Eq. 110). 

(441)  
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Aliphatic nitroolefins with no additional activating groups react with zinc-copper 

organometallics at –20°, whereas nitrostyrene derivatives or functionalized 

nitroolefins require several hours at 0° for complete addition. (56, 74) The 

intermediate zinc nitronates can be directly submitted to an oxidative Nef 

reaction with ozone to afford polyfunctional ketones in good overall yields (Eq. 

111). (74) 
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The syn addition of zinc-copper organometallics to acetylenic esters is an 

excellent method for the preparation of α, β -unsaturated esters of defined 

stereochemistry (Table XVII). Thus, the addition of polyfunctional zinc-copper 

reagents to ethyl propiolate at –60 to –50° produces the syn addition product 

after a low temperature protonation. By allowing the reaction mixture to warm 

up in the presence of excess TMSCl, an equilibration occurs leading to a 

C-silylated unsaturated ester (Eq. 112). (55) Dimethyl acetylenedicarboxylate 

(78, 140) and propiolamide (110) react in a similar way. The acidic hydrogens 

of the amido group do not interfere with the addition reaction (Eq. 113). (78) 
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With other acetylenic esters bearing alkyl substituents in the β position, the 

addition occurs less readily and requires increasing the temperature to –30° or 

–20°, which leads to partial isomerization of the intermediate alkenyl 

organometallic and to a mixture of (E) and (Z)- α , β -unsaturated esters. (55) 

The addition of bis-(2-carbethoxyethyl)zinc to acetylenic esters in the presence 

 

 (113)   

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




of copper(I) bromide-methyl sulfide complex and in a solvent mixture 

containing HMPA produces 2-carboalkoxycyclopentenone derivatives. 

(442-444) This efficient formal [3 + 2] cycloaddition has been used to prepare 

a precursor of (±)-bilobalide (Eq. 114). (444) 
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The addition of organometallics to unactivated alkynes and alkenes represents 

a unique method for stereospecifically preparing (E)- or (Z)-trisubstituted 

alkenes, (445, 446) although only a few types of zinc derivatives are reactive 

enough to add to alkynes. Thus, allylic zinc halides add to a range of alkynes. 

(445, 446) The intramolecular addition of the functionalized allylic zinc bromide 

111 to a triple bond produces the bicyclic diene 112 after a 

palladium(0)-catalyzed allylation (Eq. 115). (447) The addition of allylic zinc 

halides to 1-trimethylsilylalkynes, (448, 449)  
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α , β -unsaturated acetals, (450) and cyclopropenes (451) has been reported. 

Alkylzinc derivatives do not add readily to unactivated alkenes. (445) However, 

dialkylzincs and alkylzinc halides can be added to terminal alkynes with 

moderate regioselectivity and to internal alkynes in the presence of 

diiodozirconocene. (452) The addition of di-tert-butylzinc to terminal alkenes 

(453-456) and phenylacetylene (454) occurs under harsh conditions. 

 

Alkynes or functionalized allylic zinc reagents have been added to 

alkenylmagnesium derivatives, (457-466) and this reaction has been applied to 
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the preparation of aldol products obtained after oxidation of the intermediate α 

-trialkylstannylalkylzinc halides with oxygen (Eq. 116). (467) 
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The intramolecular carbozincation of some primary and secondary 

unsaturated iodides has been performed by generating the zinc reagent using 

Rieke-zinc (5, 127-132) or diethylzinc, (64) leading to functionalized 

cyclopentane derivatives with modest diastereoselectivity. (468, 469) In 

contrast, performing the carbozincation with diethylzinc in the presence of a 

catalytic amount of a palladium(II) or nickel(II) (165-168) complex leads to 

cyclopentylmethyl derivatives with high diastereoselectivity, allowing 

stereochemical control of three adjacent chiral centers (Eq. 28). (166) 

 

The reaction proceeds via a radical mechanism: the palladium(0) or nickel(0) 

complex converts the alkyl iodide to an alkyl radical which undergoes ring 

closure, leading to a cyclopentylmethyl radical. It is trapped by a palladium(I) 

or nickel(I) halide, leading to a cyclopentylmethyl palladium (or nickel)(II) 

halide, which undergoes transmetallation with diethylzinc to give a 

cyclopentylmethylzinc derivative. The reaction can be applied to a variety of 

substrates (Table XVIII) and provides a new highly diastereoselective 

preparation of fused bicyclic tetrahydrofuran derivatives (Eq. 117). (470) 
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Organozinc derivatives treated with lithium dimethylcyanocuprate add to 

1-alkylthioalkynes (syn addition), leading to tri- or tetrasubstituted olefins after 

trapping the intermediate alkenylcopper with an electrophile (Eq. 118). (471)  
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Unactivated alkynes do not add primary zinc-copper organometallics under 

these conditions. However, the addition of secondary zinc-copper compounds 

proceeds easily (Eq. 119). (471) An intramolecular carbometallation is more 

facile and allows  
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the preparation of polyfunctional exo-alkylidenecyclopentanones (Eq. 120). 

(471) Interestingly, zinc malonates and related compounds are sufficiently 

reactive to add to alkynes, leading to β , γ -unsaturated malonates (Eq. 121). 

(472) 
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3.10. Reactions Catalyzed by palladium(0) or Nickel(0) Complexes  
Organozincs undergo a variety of cross-coupling reactions with alkenyl or aryl 

halides in the presence of catalytic amounts of palladium(0) complexes (20-26) 

or nickel salts. (473, 474) These coupling reactions have found numerous 

applications owing to the broad functional group tolerance and the wide range 

of unsaturated substrates that can be used(Tables XIX and XX). These 
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cross-coupling reactions can be performed with a range of polyfunctional 

organozinc halides (475-491) bearing a silylated acetylene, (477) alkenylsilane, 

(479) allylsilane, (488) 1-alkoxyacetylene, (480) polythiophene, (481) 

substituted aromatic (123, 482, 489) and heterocyclic rings, (483-487) ester, 

(27, 120, 159, 209, 490) nitrile, (120, 209) ketone, (138) protected ketone, (483) 

protected α -aminoester, (91, 92, 98, 102) stannane, (491) or boronic ester. 

(62, 84-86) The coupling of homoenolates with aromatic or alkenyl halides in 

the presence of catalytic amounts of nickel or palladium(II) complexes 

provides a range of γ -unsaturated esters, with 

bis(tris-o-tolylphosphine)palladium dichloride being an exceptionally efficient 

catalyst in these reactions (Eq. 122). (27) Various polyfunctional biphenyl 

derivatives can be prepared using the cross-coupling between an arylzinc 

halide and an aryl iodide (Eq. 123). (120) The use of alkenyl (138) or aryl (489) 

triflates instead of  

   

 

 (122)   

 

   

 

 (123)   

 

the corresponding iodides or bromides can be advantageous. New α -amino 

acids in optically pure form have been prepared by the palladium-catalyzed 

coupling of unsaturated halides and a zinc reagent derived from serine (91, 92, 

98-100, 102), or glutamic acid (97, 101) (Eq. 124). (98) Starting from the 

corresponding alkyl iodides derived from protected glutamic and aspartic acids, 

β - and γ -amino acids have also been prepared by using the intermediate zinc 

reagents, which were coupled with aromatic iodides in the presence of a 

palladium catalyst. (99), (a) 

   

 

 (124)
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The coupling of alkynylzinc halides or fluorinated alkenylzinc halides with 

fluorinated alkenyl iodides allows the preparation of a range of fluorinated 

dienes or enynes. (150, 154, 211-215) Coupling reactions between 

polyfunctional alkenyl halides and (dialkylboryl)methylzinc iodide 113 provide 

allylic boronates, which are versatile precursors for cyclization reactions (84-86) 

(Eq. 125). (86) In some cases, reduction (172, 492-494) or a halide-zinc 

exchange (165) is observed instead of the expected coupling reaction. 

   

 

 (125)   

 

 

 

Acylation of organozincs with acid chlorides is efficiently catalyzed by 

palladium(0) complexes. (25, 26, 105, 120) Many functional groups are 

tolerated in this reaction. Thus, the coupling of 3-carbethoxypropylzinc iodide 

(114) with an unsaturated acid chloride provides a useful access to 

polyfunctional enones (105, 495) (Eq. 126). (495) Acylation of a serine- (91, 93, 

98) or glutamic acid- (97) derived zinc species  

   

 

catalyzed by palladium(0) provides chiral γ -keto α -amino acid derivatives in 

good to excellent yield. The acylation of zinc reagents with phenyl 

chloroformate or the direct treatment of an organozinc reagent with carbon 

monoxide under sonication in the presence of catalytic 

bis(triphenylphosphine)palladium(0) dichloride provides products 115, 

corresponding formally to the double acylation by phosgene (Eq. 127). (95) In 

a related reaction, organozinc halides are treated with carbon monoxide and 

an allylic benzoate in the presence of a catalytic amount of a palladium(0) 

complex to provide δ-ketoesters (Eq. 128). (496) 

 

 (126)   
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The reaction of syn- or anti-3-iodo-2-methylbutanamide 116 with zinc powder 

furnishes the same reagent 117. Acylation of 117 with benzoyl chloride in the 

presence of a palladium(0) catalyst gives the C2-C3-syn product 118 (Eq. 129). 

(497) 

   

 

 (129)   

 

 

 

Functionalized heterocyclic zinc reagents are useful building blocks that 

readily react in Pd-catalyzed cross couplings (Eq. 130). (498) A selective 

cross-coupling reaction of (Z)-2,3-dibromopropenoate 119 with organozinc 

compounds allows the preparation of highly functionalized enoates 120 (Eq. 

131). (499) Alkenylzinc  
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 (130)   

 

   

 

 (131)   

 

reagents obtained by a titanium(IV)-catalyzed hydrozincation undergo 

palladium catalyzed cross-couplings with aryl or alkenyl iodides. (500) 

Bis(iodozinc)ethane undergoes two sequential couplings with electrophiles 

with successive palladium catalysis and copper catalysis with excellent overall 

yields (Eq. 132). (501) 

   

 

 (132)   

 

 

3.11. Reactions Catalyzed by Titanium(IV) Complexes  
Oguni (502-504) has shown that chiral aminoalcohols catalyze the addition of 

diethylzinc to aldehydes. (163, 375, 376) Yoshioka and Ohno, (505-507) as 

well as Seebach, (508-514) have found that a chiral titanium catalyst leads to a 

very fast addition reaction, allowing extension of the addition reactions to other 
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diorganozincs (Table XXI). Thus, the transmetallation of alkylmagnesium 

halides with zinc chloride in ether followed by the addition of 1,4-dioxane 

constitutes a convenient method for preparing higher salt-free dialkylzincs. 

(512) A few functionalized dialkylzincs have been prepared in this way and 

added to aldehydes with good enantioselectivity using 2,2-dimethyl- α , α, α ′, α 

 -tetraaryl-1,3-dioxolane-4,5-dimethanol (TADDOL) (121) as the chiral ligand 

attached to titanium (Eq. 133). (512) Of special interest is  

   

 

   

 

 (133)   

 

the addition of dialkyzincs to α , β -acetylenic aldehydes in the presence of 

TADDOL (Ar = 2–naphthyl), since it provides functionalized propargylic 

alcohols in high optical purity (511, 514) (Eq. 134). (514) 

   

 

 (134)   

 

 

 

The iodine-zinc (64) and the boron-zinc exchange exchange reactions (239, 

240, 515) are general methods for preparing polyfunctional dialkylzincs. Zinc 

reagents obtained by both methods are suitable for performing catalytic 

asymmetric additions to aldehydes in the presence of 

trans-(1R,2R)-bis(trifluoromethanesulfonamido)cyclohexane (122); (505-507) 

(8 mol %) and titanium tetraisopropoxide (2 equivalents). The addition to 

aliphatic or aromatic aldehydes proceeds with good enantioselectivity. (64) 

Unsaturated aldehydes add under especially mild conditions. The presence of 
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an α substituent in the aldehyde is important for obtaining high 

enantioselectivities. (164) Thus, the addition of bis(5-acetoxypentyl)zinc to 

(E)-2-hexenal produces the allylic alcohol 123a (R = H) with 83% ee, whereas 

by using (Z)-2-bromo-2-hexenal the alcohol 123b is obtained with 94% ee (Eq. 

135). (164) Interestingly, replacing titanium(IV) isopropoxide with a more  

   

 

 (135)   

 

bulky titanium alkoxide such as titanium(IV) tert-butoxide leads to higher 

enantioselectivity. (516) This enantioselective preparation of allylic alcohols 

has been applied to the prostaglandin side chain. (517-522) The addition of a 

dialkylzinc to the γ -alkoxyaldehyde 124 (523) followed by simple functional 

group interconversions and addition of the same dialkylzinc reagent in the 

presence of 122 leads to C2-symmetrical 1,4-diols with excellent 

diastereoselectivity (Eq. 136). (164, 524) A similar approach has been used to 

prepare a C3-symmetrical triol. (525) 

   

 

 (136)   

 

 

 

Aldol adducts can also be obtained by the catalytic enantioselective addition of 

functionalized dialkylzincs to 3-triisopropylsilylpropionaldehyde followed by a 

protection-deprotection and oxidation sequence, with an excellent 

stereoselectivity. (526) The method can be used to prepare lipoic acid (125) in 

91% ee (Eq. 137). (527, 528) Further applications to the synthesis of chiral 

polyoxygenated molecules (527, 529, 368) and to the natural product 

(–)-mucocin (530) have been reported. Epoxides are versatile chiral building 

blocks, and the asymmetric synthesis of this class of compounds is of special 
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importance. (531) The addition of dialkylzincs to α -alkoxyaldehydes provides 

a general approach to monoprotected 1,2-diols, which can be converted to 

epoxides (Eq. 138). (532) The absolute configuration of  

   

 

 (137)   

 

   

 

 (138)   

 

all the optically active products can be predicted knowing the configuration of 

the catalyst used. (524) Interestingly, the configuration on the newly formed 

chiral center of the alcohol does not depend on the configuration of a chiral 

center already present in the molecule. Thus, by treating the γ -alkoxyaldehyde 

126 with bis(3-pivaloyloxypropyl)zinc in the presence of 122 (8 mol %), the 

C2-symmetrical diol is obtained (diastereoselectivity > 97:3). On the other hand 

by performing the asymmetric addition in the presence of catalyst 122 with the 

opposite configuration (e.g. ent-122), only the meso-diol is produced (512, 514, 

524, 532) (diastereoselectivity > 97:3; Eq. 139). (524) 
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Most of the asymmetric syntheses shown are performed using dialkylzincs 

prepared via an iodine-zinc exchange. However, the boron-zinc exchange 

constitutes an outstanding method for the preparation of a range of 

functionalized zinc reagents. Diorganozincs prepared in this way can be added 

with high enantioselectivity to aldehydes. (240, 515) An elegant synthesis of 

(R)-(–)-muscone has been reported using the intramolecular enantioselective 

addition of an alkenylzinc to an aldehyde in the presence of chiral 

aminoalcohol 127 (Eq. 140). (533) 

   

 

 (140)   

 

 

3.12. Reactions Catalyzed by Cobalt(II), Iron(III), or Manganese(II) 
Complexes  
The reaction of transition metal salts with organolithiums or Grignard reagents 

often leads to sensitive transition metal organometallics that decompose 

readily if a β -hydrogen atom is present in the alkyl chain. Consequently, such 
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transmetallations have found only a few applications in organic synthesis. (534) 

Organozinc reagents are far less prone to transfer several organic groups to 

the transition metal and therefore lead to alkyl transition metal complexes 

displaying good or acceptable thermal stabilities. Thus, the reaction of cobalt(II) 

bromide with dialkylzincs in THF:NMP furnishes blue solutions of organocobalt 

intermediates that have a half-life of ca. 40 minutes at –10°. Similarly, from 

iron(III) chloride, a gray solution of an organoiron intermediate with a half-life of 

2.5 hours at –10° is obtained. The new organocobalt(II) species undergo 

smooth carbonylations at room temperature to afford symmetrical ketones in 

satisfactory yields (Eq. 141). (535) 

   

 
 (141)   

 

 

 

Cobalt(II) bromide also catalyzes the acylation of diorganozincs, affording 

unsymmetrical ketones. (536) Allylic chlorides react with zinc organometallics 

in the presence of cobalt(II) bromide (Eq. 142). (536) 

   

 

 (142)   

 

 

 

In the presence of cobalt salts alkenyl iodides undergo a smooth 

cross-coupling reaction with organozinc derivatives with retention of the double 

bond geometry (Eq. 143). (537) 
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Although organozinc reagents do not undergo transmetallations with 

manganese(II) salts, the use of the mixed copper—manganese system formed 

from copper(I) chloride and manganese(II) bromide allows cyclization 

reactions with good to excellent stereoselectivities (Eq. 144). (538, 539) 

   

 

 (144)   

 

 

3.13. Barbier Reactions  
Barbier reactions (540) are performed under conditions in which the organic 

halide, the organic electrophile, and zinc dust are mixed without the 

preformation of an organozinc species. These reactions have found increasing 

applications in organic synthesis. The nature of the reactive intermediate is not 

clear. (541) The formation of a zinc organometallic reagent is unlikely, since 

many of these reactions are performed in water. (148, 542-544) The formation 

of a free radical, which in many cases is a reasonable reactive intermediate, 

has not been proven in the addition of an allylic bromide to an aldehyde in the 

presence of zinc using aqueous ammonium chloride and THF as solvent. 

Interestingly, a range of unprotected hydroxyaldehydes can be used in this 

reaction. (148, 542, 543) Functionalized allylic halides have been used. (545) 

Short syntheses of ipsdienol and ipsenol have been performed using a Barbier 

reaction (Eq. 145). (546) The use of a Michael acceptor instead  

   

 

 (145)   

 

of an aldehyde as the electrophile allows an efficient three-component reaction 

(147, 547-553) (Eq. 146). (547) Functionalized halides bearing a hydroxy 

function can be used if the reaction is performed in aqueous medium (Eq. 147). 

(147) A zinc-promoted Barbier-reaction between 

2-bromo-3,3,3-trifluoropropene and aldehydes allows the preparation of 

fluorinated allylic alcohols. (553) 

   

 

 (146)   
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The zinc coupling of allyl bromides with allyl bromides and 

chlorotributyl-stannane or dichlorodibutylstannane allows for the preparation of 

allylstannanes in aqueous medium. (554) Unsymmetrical ketones can be 

prepared by palladium coupling between acid chlorides and alkyl iodides in the 

presence of a zinc-copper couple. (136) A new five-membered ring annulation 

of unsaturated ketones, ketonitriles, ketoximes, or keto aldehydes is mediated 

by zinc powder in the presence of TMSCl and 2,6-lutidine in THF. (555) 

3.14. Comparison with Other Methods  
The formation of new carbon-carbon bonds is a major synthetic goal in organic 

chemistry. Polar main-group organometallics of lithium, magnesium, and to 

some extent boron and aluminum, have shown their great utility for this 

purpose. (21) They possess high reactivity toward many organic electrophiles 

and often furnish high yields of products. In recent years, it has become 

increasingly important to control the regio- and stereochemistry of new 

carbon-carbon bond formation and, owing to the increasing complexity of 

target molecules, the chemoselectivity of reactions of organometallic reagents 

has become an important issue. Organomagnesium halides and organolithium 

compounds are often too reactive because of the polar nature of the 

carbon-metal bond, and display low chemo- and stereoselectivities. In contrast, 

transition metal organometallics of titanium, (370, 556, 557) copper, (315-320, 

394) manganese, (557-562) and palladium (24, 563) are very selective 

reagents and have a broad range of synthetic applications. Unfortunately, 

although transition metal organometallics tolerate many organic functionalities, 

they were originally prepared from the corresponding highly reactive 

organolithiums or Grignard reagents, and thus very few functionalities could be 

present in these reactive intermediates. Consequently they were used only to 

transfer simple organic fragments. This limitation has been solved by using 

organozinc chemistry. (14) The low polarity of the carbon-zinc bond allows the 

preparation of organozinc compounds bearing a range of functional groups. 

Owing to the presence of two vacant p orbitals at the zinc center with the 

appropriate energy for interacting efficiently with the orbitals of many metal 

salts, a wide range of transmetallation reactions with transition metal halides 

can be performed. Their subsequent transmetallation with transition metal 

salts allows one to prepare reactive and functionalized transition metal 

organometallic intermediates in situ and therefore facilitates the rapid 
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synthesis of highly functionalized molecules. (14) Alternative methods for the 

preparation of the same polyfunctional compounds often require several 

protection-deprotection steps or several functional group interconversions. The 

use of highly functionalized nucleophilic organic moieties in the synthesis of 

complex molecules certainly constitutes one of the major advantages of 

organozinc chemistry. 

 

The preparation of organozinc derivatives has been greatly improved over 

recent years. (2) Whereas the direct insertion of zinc into organic halides (45) 

allows the most general access to polyfunctional organozinc halides, (47) the 

preparation of functionalized diorganozincs is best performed by using an 

iodine-zinc (64) or boron-zinc exchange. (237, 239, 240) The latter utilizes 

milder conditions. (237, 240) Treatment of organozinc halides with the copper 

cyanide-lithium chloride complex (47) leads to copper-zinc species which are 

significantly less reactive than the corresponding copper derivatives prepared 

from lithium or magnesium organometallics, but which undergo the same 

reactions, usually in excellent yield. (14, 65, 120) Whereas conjugate additions 

to enones (47) or nitroolefins, (74) carbometallations, (471) additions to 

aldehydes, (54) and coupling reactions with alkyl iodides (329) are best 

performed with the stoichiometrically prepared zinc-copper species, other 

reactions such as allylations (47) or acylations (47) can be efficiently 

performed by using catalytic amounts of the copper cyanide-lithium chloride 

complex (10 mol %). The simple and general approach to polyfunctional 

diorganozincs is proving to be extremely useful for catalytic asymmetric 

additions to aldehydes in the presence of chiral catalysts 121, 122 and 127. 

The use of organozincs in many transition metal catalyzed reactions often 

gives better results than that using other main group organo-metallics. The 

moderate reactivity of zinc organometallics is sufficient to form the reactive 

transition metal intermediates but avoids the formation of various transition 

metalate species, which undergo side-reactions like homocouplings or fast β 

-hydride eliminations. Several methods are now available for preparing 

configurationally stable secondary alkylzinc reagents in high optical purity. 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




4. Experimental Conditions 

 

The nature of zinc (dust, foil, shots) is important for the success of the 

formation of an organozinc halide by oxidative addition. Usually, the use of 

zinc dust (-325 mesh) from Aldrich or Riedel de Haen gives the best results 

(see list of suppliers). Procedures for activation may involve chiefly removal of 

inert oxide by washing several times with 5% hydrochloric acid and washing in 

turn with water, methanol, ether, and drying. (564) The preparation of 

functionalized alkylzinc halides is best performed by adding a THF solution of 

an alkyl iodide to zinc dust (2–3 equivalents) which has been successively 

activated with 1,2-dibromoethane (3–5 mol %) and TMSCl (1 mol %). (47) It is 

important to add the alkyl iodide as a concentrated solution (2.5–3 M) in THF in 

order to obtain a rapid zinc insertion. (79) Under these conditions, primary alkyl 

iodides undergo zinc insertion between 30 and 40°, whereas secondary alkyl 

iodides react more readily (15° to room temperature). Organozinc halide 

formation is usually complete after a few hours. The organometallic solution is 

diluted with THF (to a 1.5-1.0 M solution), and the excess zinc dust is allowed 

to settle. The clear, colorless supernatant liquid can be transferred with a 

syringe or cannula to a separate flask and used for further applications. 

 

The titration of organozinc halides can be conveniently performed by GC 

analysis. This also constitutes the best method for following formation of the 

zinc species. Thus, an internal standard (dodecane or other inert alkane) is 

added to the alkyl iodide before the addition to the zinc slurry in THF. The ratio 

between the two compounds is determined by GC analysis. (79) At the end of 

the reaction, no more alkyl iodide should be present. A small reaction aliquot is 

then treated with a THF solution of iodine and the new ratio between the 

reformed alkyl iodide and the internal standard is determined, allowing a 

precise evaluation of the yield of the organozinc reagent. Determination of the 

volume of the organozinc solution using a separatory funnel allows calculation 

of the concentration of the zinc reagent. THF solutions of organozinc halides 

are not pyrophoric, but are rapidly decomposed by air or by humidity. 

 

Benzylic zinc halides have to be prepared at 0° and the benzylic halide has to 

be added as a 1 M THF solution in order to avoid the formation of 

Wurtz-coupling byproducts. (50, 51, 53) If electron-rich benzylic systems have 

to be converted to the corresponding zinc reagents, the best method consists 

of preparing the corresponding phosphates, which insert zinc in DMPU without 

the formation of homocoupling byproducts. (103) 

 

Whereas zinc dust gives the best results in all the above reactions, the 

preparation of allylic zinc reagents gives better yields if cut zinc foil (45) or 

granular zinc (30 mesh) (79) is used. Recently, a new fragmentation reaction 
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of homoallylic alcohols has allowed the preparation of highly substituted and 

functionalized allylic zinc reagents. (296-298) Similarly, only mediocre results 

are obtained if (iodomethyl)zinc iodide is prepared using zinc dust, but cut zinc 

foil gives excellent yields. (270) Aryl and alkenyl zinc halides cannot be 

prepared in THF with zinc dust; their synthesis requires the use of highly 

reactive zinc prepared by the reduction of zinc chloride with lithium 

naphthalenide. (120) This procedure even allows the use of aryl bromides as 

precursors. An alternative method consists of using zinc on graphite, (133) 

prepared by the reduction of zinc chloride with potassium-graphite in the 

presence of silver acetate. This second type of activated zinc is not as active 

as Rieke zinc and always requires the use of an aryl iodide. If the aromatic ring 

or alkenyl iodide bears an electron-withdrawing group, the direct insertion of 

zinc dust in DMAC (48) or even THF usually works very well. (88) 

 

Since the insertion of metallic zinc into a carbon-halide bond proceeds via a 

radical mechanism, the configuration of an alkenyl iodide is lost. This 

isomerization can be avoided by performing an iodine-lithium exchange 

reaction at low temperature, in which the double bond geometry is retained, 

(–100 to –90°) followed by transmetallation to the corresponding alkenyl zinc 

derivative using zinc iodide. (209) 

 

When using diethylzinc (or diisopropylzinc) for either iodine-zinc (64) or 

boron-zinc exchanges, (238-240) it is important to maintain strictly the 

absence of moisture and air, because of the high reactivity of these reagents 

with water and oxygen. Special care has to be taken during subsequent 

removal of the excess diethylzinc. Diethylzinc is a highly flammable liquid and 

mixtures of diethylzinc and liquid oxygen are explosive (the condensation of 

oxygen into a trap containing diethylzinc must be strictly avoided). However, 

dilution of diethylzinc with acetone, toluene, or THF (~1 M solution) affords a 

solution that does not burn spontaneously in air. 

 

List of suppliers :  

 Sigma-Aldrich Chemical Co. Ltd. 
 USA : PO Box 355, Milwaukee, WI 53201. Tel. 0414-2733850 

 UK : The Old Brickyard, New Road, Gillingham, Dorset SP8 4JL. Tel. 

0800-717181. 

 Germany : Sigma-Aldrich Chemie GmbH, Grünwalder Weg 30, D-82091 

Deisenhofen. Tel. 0800-5155 000. 

 France : L'Isle D'abeau Chesnes, BP 701, 38297 Saint-Quentin Fallavier 

Cedex. Tel. 0800 211408. 

 Japan : Sigma-Aldrich Japan K. K., 1-1-7 Higashi Nihonbashi, Chuo-Ku 

Tokyo 103-0012. Tel. 81—5821-3111. 

 Riedel de Haen. 
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 Germany : Wunstorfer Strasse 40, Postfach, D-30926 Seelze. Tel. 

05137-9990. 
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5. Experimental Procedures 

   

 

 

 

5.1.1. 10-Nitro-9-phenyldecyl Acetate (Coupling of a Copper-Zinc 
Reagent with a Primary Alkyl Iodide) (331)  
To 4-iodobutyl acetate (2.42 g, 10 mmol) and copper(I) cyanide (5 mg) was 

added diethylzinc (2.0 mL, 20 mmol), and the reaction mixture was stirred at 

50° for 5 hours. The excess diethylzinc and newly formed ethyl iodide were 

removed under vacuum (0.1 mm Hg, 50°, 1.5 hours), and THF (5 mL) was 

added with stirring. The suspension was allowed to settle, and the supernatant 

liquid was transferred to a THF solution of Me2CuCN(MgCl)2 (5 mmol, 1 M 

solution) at –50°. The resulting solution was warmed to 0° and then cooled to 

–78°, and DMPU (5 mL) was added, followed by 

6-iodo-1-nitro-2-phenylhexane (1.0 g, 3 mmol). The reaction mixture was 

allowed to warm to 0°, stirred for 2 hours, poured into a saturated aqueous 

ammonium chloride solution (50 mL) and extracted with ether (3 × 20 L). The 

combined organic phases were washed with brine, dried over magnesium 

sulfate, and filtered. The crude residue was purified by flash chromatography 

(ether:hexanes 1:4) yielding the desired product as a clear oil (0.80 g, 83 % 

yield). IR (neat): 1735, 1551, 1241 cm–1; 1H NMR ( CDCl3) δ : 7.33-7.11 (m, 5 

H), 4.50 (dd, J = 7.1, 4.5 Hz, 2 H), 3.99 (t, J = 6.7 Hz, 2 H) 3.47-3.33 (m, 1 H), 

1.98 (s, 3 H), 1.68-1.49 (m, 4 H), 1.31 1.10 (m, 10 H). Anal. Calcd. for 

C18H27O4: C, 67.26; H, 8.47. N, 4.36. Found: C, 67.05; H, 8.67; N, 4.09. 
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5.1.2. 3-(4-Pentynyl)-2-cyclohexenone (Coupling of a Zinc-Copper 
Reagent with an Activated Alkenyl Iodide) (78)  
To a suspension of zinc dust (325 mesh, 3.27 g, 50 mmol) in THF (4 mL) 

activated as described above with 1,2-dibromoethane and TMSCl was added 

a THF solution (8 mL) of 4-pentynyl iodide (4.46 g, 23 mmol). The temperature 

was maintained below 40° during the addition. The reaction was complete 

after 0.5–1 hour of stirring at room temperature as indicated by GLC analysis 

of hydrolyzed reaction aliquots. After the addition of THF (10 mL), the excess 

zinc was allowed to settle, affording a colorless solution of 4-pentynylzinc 

iodide. One-half of this solution was transferred via syringe to a THF solution 

(10 mL) of copper(I) cyanide (900 mg, 10 mmol) and lithium chloride (840 mg, 

20 mmol) at –20°. A dark red solution of the copper-zinc reagent formed 

immediately. The reaction mixture was cooled to –60° after 5 minutes, and 

3-iodo-2-cyclohexenone (1.55 g, 7 mmol) was added. The reaction mixture 

was stirred one hour at –30°, slowly warmed to 0° (1–2 hours), and worked up 

by pouring into a saturated aqueous ammonium chloride solution (50 mL) and 

extracting with ether (3 × 30 mL). The combined organic phases were washed 

with brine (2 × 20 mL), dried over magnesium sulfate, filtered, and 

concentrated. The crude residue was purified by flash chromatography 

(dichloromethane:ether:hexane = 10:1:80) affording the desired product (1.0 g, 

88% yield). IR (neat): 2115, 1672, 1623 cm–1; 1H NMR ( CDCl3) δ : 5.87 (s, 1 

H), 2.35-2.17 (m, 8 H), 2.01-1.89 (m, 3 H), 1.76-1.66 (m, 2 H). Exact mass 

calcd. for C11H14O : 162.1045, obsd. 162.1031. 
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5.1.3. Ethyl 3-(4-Oxo-2-phenylpentyl)benzoate (Preparation of a Benzylic 
Zinc Reagent from a Benzylic Bromide and Conjugate Addition of the 
Corresponding Zinc-Copper Reagent to an Enone) (51)  
To a suspension of zinc dust (325 mesh, 0.67 g, 10.5 mmol) in dry THF was 

added dropwise at 5° (ice bath) a THF (7 mL) solution of 3-(carbethoxy)benzyl 

bromide (1.69 g, 7 mmol; one drop each 5–10 seconds). The reaction mixture 

was stirred at 5° for two hours. The reaction mixture was allowed to stand for 

two hours in order to let the excess zinc settle. The supernatant solution of 

benzylic zinc reagent was transferred via syringe at –20° to a THF solution 

(5 mL) of copper cyanide (0.63 g, 7 mmol) and lithium chloride (0.60 g, 

14 mmol). After being stirred 5 minutes, the reaction mixture was cooled to 

–70°, and a solution of trans-4-phenyl-3-buten-2-one (0.88 g, 6 mmol) and 

TMSCl (1.9 mL, 15 mmol) in THF (3 mL) was added over 5 minutes. The 

reaction mixture was allowed to warm slowly to –5°, poured into an aqueous 

saturated solution of ammonium chloride (10 mL), and was stirred for 10 

minutes. The mixture was diluted with ether (50 mL), the aqueous phase was 

further extracted with ether (2 × 20 mL), and the combined organic phases 

were washed with an aqueous saturated ammonium chloride solution 

(2 × 20 mL), brine (20 mL), and dried over magnesium sulfate. The crude 

residue obtained after evaporation of the solvents was purified by flash 

chromatography (ether:hexane = 1:4), affording the desired product as a clear 

oil (1.71 g, 92% yield). IR (neat): 1719 cm–1; 1H NMR ( CDCl3) δ : 7.87 (m, 2 H), 

7.26-7.06 (m, 7 H), 4.33 (q, 2 H, J = 7.1 Hz), 3.46 (quint, 1 H, J = 8 Hz), 

2.97-2.75 (m, 4 H), 2.01 (s, 3 H), 1.37 (t, 3 H, J = 7.1 Hz). Exact mass calcd. 

for C20H23O3: 311.1647, obsd. 311.1654. 
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5.1.4. Ethyl (E)-4-[3,4-(Methylenedioxy)phenyl]but-2-enoate (Preparation 
of a Benzylic Zinc Reagent from a Benzylic Phosphate and Addition of 
the Corresponding Zinc-Copper Reagent to ethyl Propiolate) (103)  
Diethyl 3,4-(methylenedioxy)benzyl phosphate (1.44, g, 5 mmol) and lithium 

iodide (0.13 g, 1 mmol) were added to a zinc dust suspension (300 mesh, 

0.98 g, 15 mmol) in DMAC (4 mL) previously activated with 1,2-dibromoethane 

(4 mol%) and TMSCl (1 mol%). After 12 hours of stirring at 50°, formation of 

the zinc reagent was complete as shown by GLC analysis of hydrolyzed 

reaction aliquots. The reaction mixture was diluted with THF (5 mL) and was 

allowed to stand for 2 hours in order to let the excess zinc settle. The 

supernatant solution of benzylic zinc reagent was transferred via syringe at 

–20° to a THF solution (5 mL) of copper cyanide (0.45 g, 5 mmol) and lithium 

chloride (0.43 g 10 mmol). After stirring for 5 minutes, ethyl propiolate (0.39 g, 

4 mmol) was added and the reaction mixture was warmed to 0°, stirred for 5 

minutes, and poured into a saturated aqueous solution of ammonium chloride 

(50 mL). After successive extractions with ether (3 × 50 mL), the combined 

organic layers were washed with brine (2 × 20 mL), and dried over magnesium 

sulfate. The crude residue obtained after evaporation was purified by flash 

chromatography (hexane:ether 19:1), affording the pure (E)-ester (790 mg, 

84% yield, >98% pure by GLC analysis). IR (neat): 1715, 1654 cm–1; 1H NMR 

( CDCl3) δ : 7.04 (dt, 1 H, J = 16.4, 6.5 Hz), 6.75 (d, 1 H, J = 7.7 Hz), 6.63 (m, 2 

H), 5.94 (s, 2 H), 5.78 (dt, 1 H, J = 15.5, 1.6 Hz), 4.17 (q, 2 H, J = 7.1 Hz), 3.42 

(dd, 2 H, J = 6.7, 1.6 Hz), 1.27 (t, 3 H, J = 7.1 Hz). Exact mass calcd. for 

C13H14O4: 234.0892; obsd. 234.0887. 

   

 

 

 

5.1.5. Iodomethylzinc Iodide (Methylene Homologation Reagent) (270)  
To a suspension of cut zinc foil (ca. 1 × 3 × 0.5 mm) in THF (4 mL) was added 

1,2-dibromoethane (200 mg, 1 mmol), and the reaction mixture was heated to 
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reflux for one minute. The mixture was cooled to room temperature, TMSCl 

(0.1 mL, 0.8 mmol) was added, and the activated zinc was stirred for 5 minutes. 

A THF solution (15 mL) of diiodomethane (13.4 g, 50 mmol) was added via an 

addition funnel at room temperature within 15 minutes. After 4 hours at this 

temperature, the reagent was ready to use. A yield of ~85% by GLC analysis 

of an iodolyzed reaction aliquot and a concentration of ~1.4 M was 

determined. 

   

 

 

 

5.1.6. 2-Phenyl-1-nonen-4-ol (Methylene Homologation of an 
Alkenylcopper with (Iodomethyl)zinc Iodide and Trapping with an 
Aldehyde) (270)  
To a solution of copper(I) iodide (1.15 g, 6 mmol) and lithium iodide (1.33 g, 

10 mmol) in THF (25 mL) was added a THF solution of 

1-phenylvinylmagnesium bromide (11 mL, 6 mmol) at –50°. The reaction 

mixture was warmed to room temperature, leading to an orange suspension, 

which was cooled to –50°. A solution of hexanal (400 mg, 4 mmol) in THF 

(2 mL) was added, and the reaction mixture was warmed to –30°. A solution of 

(iodomethyl)zinc iodide (10 mmol) prepared as described above was added, 

and the reaction mixture was warmed to –20°, stirred for 15 minutes at this 

temperature, poured into a saturated aqueous solution of ammonium chloride 

(100 mL), and extracted with ether (3 × 50 mL). The combined organic phases 

were washed with water (2 × 30 mL), brine (2 × 20 mL), dried over magnesium 

sulfate, and concentrated. The crude residue was purified by flash 

chromatography (hexanes:ether 19:1), affording the pure allylic alcohol 

(825 mg, 3.70 mmol, 92% yield). IR (neat): 3410 cm–1. 1H NMR ( CDCl3) δ : 

7.4–7.25 (m, 5 H), 5.4 (s, 1 H), 5.15 (s, 1 H), 3.7–3.6 (m, 1 H), 2.8 (dd, 1 H, 

J = 14.2, 3.8 Hz), 2.5 (dd, 1 H, J = 14.2, 9 Hz), 1.65 (s, 1 H), 1.5–1.4 (m, 2 H), 

1.3–1.2 (m, 5 H), 0.9–0.8 (m, 3 H). Exact. mass calcd. for C15H22O : 218.1670, 

obsd. 218.1674. 
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5.1.7. 4-(3-Cyanopropyl)-4,5-dihydro-3-methylene-5-phenyl-2-(3H)-furan 
(One-Pot Preparation of an α -Methylene- γ -butyrolactone Using 
Methylene Homologation of an Alkenylcopper Bearing an ester Function) 
(270)  
To a suspension of zinc dust (325 mesh, 1.3 g, 20 mmol) pretreated with 

1,2-dibromoethane (0.3 g, 1.5 mmol) and TMSCl (0.1 mL) was added 

4-iodobutyronitrile (1.38 g, 7.1 mmol) in THF (4 mL). An exothermic reaction 

occurred, and the mixture was stirred 1.5 hours at 40°. THF (4 mL) was added, 

and the reaction mixture was allowed to stand for 2 hours. The supernatant 

solution was added via syringe to a solution of copper(I) cyanide (635 mg, 

7.1 mmol) and lithium chloride (600 mg, 14 mmol) in THF (8 mL) at –10°. After 

5 minutes, the reaction mixture was cooled to –60°, and ethyl propiolate 

(588 mg, 6 mmol) was added. After 4 hours of stirring between –60 and –40°, 
a solution of benzaldehyde (530 mg, 6 mmol) in THF (2 mL) was added, 

followed by a freshly prepared solution of (iodomethyl)zinc iodide (ca. 16 mmol) 

in THF (10 mL). The reaction mixture was warmed to 0°, stirred for 30 minutes 

at this temperature, poured into a saturated aqueous ammonium chloride 

solution (100 mL), and extracted with ether (3 × 50 mL). The combined organic 

phases were washed with brine (2 × 20 mL), dried over magnesium sulfate, 

and concentrated. The residue was purified by flash chromatography 

(hexane:ethyl acetate 7:3), affording the lactone as a clear oil (cis : trans 

mixture (90:10); 900 mg, 75% yield). IR (neat): 1750, 1662 cm–1. 1H NMR 

( CDCl3) δ : 7.43-7.1 (m, 5 H), 6.38 (d, 1 H, J = 2.3 Hz), 5.67 (d, 1 H, 

J = 2.1 Hz), 5.58 (d, 1 H, J = 7.2 Hz), 3.35-3.32 (m, 1 H), 2.41–2.3 (m, 1 H), 

2.15 (t, 2 H, J = 6.8 Hz), 1.75–1.5 (m, 1 H), 1.5–1.2 (m, 2 H), 1.2–1.05 (m, 1 H). 

Exact mass calcd for C15H15O2N : 241.1102, obsd. 241.1085. 
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5.1.8. (E)-6-Chloro-2-hexenenitrile (Preparation of an Alkenylzinc Iodide 
via an Iodine-Lithium Exchange Followed by Transmetallation with Zinc 
Iodide and Cyanation) (304)  
A three-necked flask was charged with (E)-5-chloro-1-iodo-1-pentene (1.38 g, 

6.0 mmol) in THF (5 mL) and cooled to –100° (liquid nitrogen/ether bath), and 

n-butyllithium (6.3 mmol, 1.6 M in hexane) was added over four minutes. The 

resulting colorless solution was stirred for three minutes at –100°, and a THF 

solution (5 mL) of zinc iodide (1.91 g, 6.0 mmol) was added. The mixture was 

warmed to 0° for two minutes and cooled back to –78°. p-Toluenesulfonyl 

cyanide (0.90 g, 5 mmol) in THF (5 mL) was added, and the reaction mixture 

was warmed to room temperature and stirred for three hours. The reaction 

mixture was poured into a saturated aqueous solution of ammonium chloride 

(10 mL) and extracted with ether (3 × 30 mL), washed with saturated aqueous 

ammonium chloride (2 × 20 mL), brine (20 mL), and dried over magnesium 

sulfate. The crude residue obtained after evaporation of the solvents was 

purified by flash chromatography (hexane:ether 10:1), affording the pure (E)- 

α , β -unsaturated nitrile (466 mg, 72% yield) as a clear oil. IR (film): 2230, 

1630 cm–1; 1H NMR ( CDCl3) δ : 6.64 (dt, J = 8.2, 16.4 Hz, 1 H), 5.35 (d, 

J = 16.3 Hz, 1 H), 3.48 (t, J = 6.4 Hz, 2 H), 2.39–2.31 (m, 2 H), 1.91–1.82 (m, 2 

H); Anal. Calcd. for C6H8ClN : C, 55.61; H, 6.22; N, 10.80. Found: C, 55.73; H, 

6.19; N, 10.52. 
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5.1.9. Benzyl 
2(S)-[(tert-Butoxycarbonyl)amino]-5-carbethoxy-4-pentynoate (Coupling 
of a Zinc-Copper Reagent with a 1-Bromoalkyne) (100)  
A suspension of zinc (300 mg, 4.5 mmol) in dry THF (0.34 mL) and 

1,2-dibromoethane (19.4 µL, 0.225 mmol) was heated under nitrogen to 60° 
for 3 minutes. After cooling the mixture to 35°, TMSCl (6 µL, 0.046 mmol) was 

added, and the mixture was stirred vigorously for 0.5 hour (alternatively, the 

reaction mixture was placed in an ultrasonic bath and sonicated for 0.5 hour). 

The reaction mixture was warmed to 35° and benzyl 

2(R)-[(tert-butoxycarbonyl)amino]-3-iodopropionate (400 mg, 0.99 mmol) in 

THF (1.5 mL) was slowly added, and the mixture was stirred for 15–40 minutes 

until no starting material remained (as judged by TLC). The solution of zinc 

reagent was cooled to –10°, and a solution prepared from copper cyanide 

(67 mg, 0.75 mmol) and lithium chloride (64 mg, 1.5 mmol) in THF (1.5 mL) 

was added. The mixture was stirred at 0° for 10 minutes and then cooled to 

–78°, and ethyl bromopropiolate (177 mg, 1.0 mmol) in THF (2 mL) was added. 

After 3 hours at this temperature, the reaction mixture was diluted with ethyl 

acetate (50 mL) and washed with aqueous hydrochloric acid (20 mL; 0.1 M) 

and water (30 × 20 mL), followed by drying over sodium sulfate. Concentration 

under reduced pressure gave a crude product, which was purified by flash 

chromatography over silica gel (hexanes-ethyl acetate gradient) to afford the 

pure product (138 mg, 0.37 mmol, 49% yield); [ α ]25
D + 11.1°(c 1.06, 

dichloromethane); IR (film) 2241, 1743 cm–1; 1H NMR ( CCl4) δ 7.35 (s, 5 H), 

5.39 (bd, 1 H), 5.23 (d, 1 H, J = 12.1 Hz), 5.21 (d, 1 H, J = 12.1 Hz), 4.56 (m, 1 

H), 4.20 (q, 2 H, J = 7.1 Hz), 2.90 (d, 2 H, J = 5.0 Hz), 1.44 (s, 9 H), 1.30 (t, 3 H, 

J = 7.1 Hz). 

   

 

 

 

5.1.10. (E)-3-Acetoxy-1-nitro-1-octene (Preparation of an α 
-Acyloxyalkylzinc Bromide and Conjugate Addition-Elimination of the 
Corresponding Zinc-Copper Compound to 2-(Ethylsulfonyl)nitroethylene) 
(74)  
To a suspension of zinc dust (0. 98 g, 15 mmol) previously activated with 

1,2-dibromoethane (0.1 mL) and TMSCl (0.05 mL) in a mixture of THF (3.5 mL) 
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and DMSO (1 mL) was slowly added 1-bromohexyl acetate (1.12 g, 5 mmol) at 

room temperature. The addition was exothermic and the temperature reached 

40°. GLC analysis of a hydrolyzed reaction aliquot showed complete formation 

of the zinc reagent. THF (5 mL) was added and the mixture was allowed to 

stand while excess zinc settled. The resulting clear solution was slowly added 

to a solution of copper(I) cyanide (0.4 g, 4.5 mmol) and lithium chloride (0.38 g, 

9 mmol) in THF (2 mL) at –40°, and warmed to 0° for 5 minutes. It was then 

cooled to –78°, and 2-(ethylsulfonyl)nitroethylene (0.58 g, 3.5 mmol) in THF 

(5 mL) was slowly added. The reaction mixture was stirred at –60° for 30 

minutes, poured into a saturated aqueous solution of ammonium chloride 

(50 mL) and extracted with ether (3 × 25 mL). The combined organic layers 

were washed with brine (2 × 20 mL), dried over magnesium sulfate, filtered, 

and concentrated. The residual oil was purified by flash chromatography 

(hexane:ether 97:3) to afford the pure (E)-nitroolefin (0.52 g, 80% yield). IR 

(neat): 1658, 1513, 1354 cm–1. 1H NMR ( CDCl3) δ : 7.15 (dd, 1 H, J = 5.0, 

13.3 Hz), 7.04 (d, 1 H, J = 13.4 Hz), 5.50 (m, 1 H), 2.11 (s, 3 H), 1.72 (m, 2 H), 

1.30 (m, 6 H), 0.88 (t, 3 H, J = 6.7 Hz). Exact mass calcd. for C10H17NO4NH4
+ 

233.1501, obsd. 233.1497. 

   

 

 

 

5.1.11. 3-(3-Cyanopropyl)cyclohexanone (Preparation of a Dialkylzinc 
from a Functionalized Alkyl Iodide via an Iodine-Zinc Exchange and 
Conjugate Addition to an Enone) (64)  
A Schlenk flask equipped with a septum cap and an argon outlet was charged 

with 4-iodobutyronitrile (1.20 g, 6 mmol) and diethylzinc (3.0 mL, 30 mmol). 

The reaction mixture was warmed to 50–55° and stirred for 12 hours at this 

temperature. GLC analysis of a hydrolyzed aliquot indicated completion of the 

reaction. The ethyl iodide formed and excess diethylzinc were removed under 

vacuum (50°, 2 hours; ~0.1 mm Hg). The resulting oily bis(3-cyanopropyl)zinc 

was dissolved in THF (3 mL) and added to a THF solution (6 mL) of copper(I) 

cyanide (270 mg, 3 mmol) and lithium chloride (255 mg, 6 mmol, dried 2 hours 

at 150° under 0.1 mm Hg) at –20°. The resulting light green solution was 

cooled to –78°, and TMSCl (0.8 g, 7 mmol) and 2-cyclohexenone (335 mg, 

3.5 mmol) were successively added. The mixture was slowly warmed to –10° 
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overnight, poured into saturated aqueous ammonium chloride (25 mL), stirred 

for 5 minutes at room temperature, and extracted with ether (3 × 25 mL). The 

combined organic phases were washed with brine (2 × 10 mL), dried over 

magnesium sulfate, and concentrated. The crude residue was purified by flash 

chromatography (30% ethyl acetate in hexane) affording the pure product as a 

colorless oil (483 mg, 83% yield). IR (neat): 2245, 1708 cm–1; 1H NMR ( CDCl3) 

δ 2.48–2.22 (m, 5 H), 2.12–1.98 (m, 2 H), 1.96–1.88 (m, 1 H), 1.86–1.75 (m, 1 

H), 1.74–1.6 (m, 3 H), 1.59–1.29 (m, 3 H). Exact mass calcd. for C10H15NO : 

165.1153, obsd. 165.1140. 

   

 

 

 

5.1.12. 1-Cyclopentyl-3,3-dimethyl-2-butanone (Intramolecular Conjugate 
Addition) (89)  
A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet, 

10 mL pressure-equalizing addition funnel, and rubber septum was charged 

with lithium (32 mg, 4.61 mmol), naphthalene (615 mg, 4.80 mmol) and THF 

(3 mL). After 2.5 hours, a solution of zinc chloride (327 mg, 2.40 mmol) in THF 

(5 mL) was added over 15 minutes to the blue-green solution of lithium 

naphthalenide. A dark gray suspension of active zinc metal formed 

immediately. To this mixture was added a solution of 

(E)-2,2-dimethyl-9-iodo-4-nonen-3-one (294 mg, 1.0 mmol) in THF (4 mL). 

After one hour, the reaction mixture was quenched with an aqueous 1 N HCl 

solution (10 mL) and diluted with diethyl ether (10 mL). The aqueous layer was 

separated and washed with diethyl ether (3 × 20 mL), and the combined 

organic layers were washed with aqueous saturated sodium sulfite (20 mL), 

brine (20 mL), dried over magnesium sulfate, filtered, and concentrated. 

Column chromatography on silica gel (elution with 0–50 % 

dichloromethane-hexane) provided the desired product as a colorless oil 

(101 mg, 60% yield). IR (film): 1704 cm–1; 1H NMR ( CDCl3) δ : 2.48 (d, 

J = 7 Hz, 2 H), 2.32–2.16 (m, 1 H), 1.85–1.74 (m, 2 H), 1.63–1.46 (m, 4 H), 

1.09 (s, 9 H), 1.07-0.94 (m, 2 H). 

5.1.13. 3-(1-Propyl-2-nitroethyl)-2-cyclohexen-1-one (Zinc Insertion into 
an Activated Iodoalkene and Conjugate Addition of the Corresponding 
Zinc-Copper Reagent to a Nitroolefin) (88)  
To zinc dust was added a solution of 1,2-dibromethane (200 mg, 1 mmol) in 

THF (3 mL). The zinc suspension was heated to ebullition with a heat gun, 

allowed to cool, and heated again. This process  
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was repeated three times. TMSCl (0.15 mL, ~1.2 mmol) was added and after 

10 minutes of stirring, a solution of 3-iodo-2-cyclohexen-1-one (2.22 g, 

10 mmol) in THF (3 mL) was added dropwise over 15–20 minutes. During the 

addition, the reaction temperature reached 55°. The reaction mixture was 

stirred 1 hour at room temperature, THF (8 mL) was added, and the mixture 

was allowed to stand for 1–2 hours, leading to a colorless solution of the zinc 

reagent. GLC analysis of an aliquot indicated complete conversion of the 

alkenyl iodide to the zinc organometallic as well as formation of less then 8% 

of dimer. The solution of zinc reagent was transferred via cannula or syringe to 

a THF solution (10 mL) of copper(I) cyanide (900 mg, 10 mmol) and lithium 

chloride (850 mg, 20 mmol) at –30°. After 5 minutes of stirring, the reaction 

mixture was cooled to –60°, and 1-nitro-1-pentene (804 mg, 7 mmol) was 

added, and the mixture was allowed to warm to 0° within 3 hours. The mixture 

was cooled to –70° and a solution of acetic acid (1 mL) in THF (3 mL) was 

slowly added. The mixture was poured into a saturated aqueous ammonium 

chloride solution (50 mL) and extracted with ether (3 × 30 mL). The combined 

organic phases were washed with brine (2 × 25 mL), dried over magnesium 

sulfate, filtered, and concentrated. Flash chromatographic purification of the 

residue using ethyl acetate:hexane (1:5) as solvent afforded the desired 

product (1.13 g, 71% yield) as a colorless oil. IR (neat) 1706, 1668 cm–1; 1H 

NMR ( CDCl3) δ 5.87 (s, 1 H), 4.43 (d, 2 H, J = 6.7 Hz), 3.04 (quintet, 1 H, 

J = 6.9 Hz), 2.37 (t, 2 H, J = 6.4 Hz), 2.28 (t, 2 H, J = 6.2 Hz), 2.00 (quintet, 2 H, 

J = 6.0 Hz), 1.48 (m, 2 H), 1.28 (m, 2 H), 0.91 (t, 3 H, J = 7.1 Hz). Exact mass 

calcd. for C11H17NO3: 211.1208, obsd. 211.1207. 
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5.1.14. 2-Carbethoxy-3-(1-trimethylsilyloxy-4-methyl-4-penten-1-yl)-2-cycl
open-ten-1-one (Addition of a Zinc Homoenolate to an Acetylenic ester: A 
Formal [3 + 2] Cycloaddition) (443)  
To a solution of [(1-ethoxycyclopropyl)oxy]trimethylsilane (4.8 mL, 24 mmol) in 

diethyl ether (18 mL) was added a diethyl ether solution of zinc chloride (18 mL, 

18 mmol) at room temperature. The mixture was sonicated for 40 minutes and 

was stirred at room temperature for an additional 10 minutes. The 

heterogeneous mixture was cooled to 0°, and copper(I) bromide-dimethyl 

sulfide complex (308 mg, 1.5 mmol) and ethyl 

4-hydroxy-7-methyl-oct-7-en-2-ynoate (980 mg, 5 mmol) in THF (18 mL) and 

hexamethylphosphoramide (HMPA, 4.2 mL, 24 mmol) were successively 

added. The mixture was stirred for 5 minutes at 0°, and then for 4 hours at 

room temperature. The reaction mixture was quenched with saturated 

aqueous ammonium chloride solution (25 mL), and the organic layer was 

washed with half-saturated ammonium hydroxide solution until no blue color 

appeared in the wash. The resulting organic layer was washed with water 

(2 × 25 mL) and brine (20 mL), dried over magnesium sulfate, and 

concentrated. The crude residue was purified by chromatography (10% ethyl 

acetate-hexanes) to give the trimethylsilyl-protected hydroxycyclopentenone 

(1.27 g, 86% yield). 1H NMR ( CDCl3) δ 5.14 (dd, J = 9.5, 5.7 Hz, 1 H), 4.68 (bd, 

J = 13.3 Hz, 2 H), 4.27 (q, J = 7.6 Hz, 2 H), 2.72 (dt, J = 20.8, 5.7 Hz, 2 H), 

2.43 (t, J = 5.7 Hz, 2 H), 2.2–1.56 (m, 4 H), 1.68 (bs, 3 H), 1.31 (t, J = 7.6 Hz, 3 

H), 0.08 (s, 9 H). 
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5.1.15. 1-Butyl-1-(3-nitro-2-phenylpropyl)cyclopentane 
(Palladium-Catalyzed Diethylzinc-Mediated Cyclization of a 5-Hexenyl 
Iodide Followed by Trapping the Cyclized Zinc-Copper Reagent with a 
Nitroolefin) (165)  
A THF solution (5 mL) of 

dichloro-[1,1¢-bis(diphenylphosphino)ferrocene]palladium(II) [ PdCl2(dppf)] 

(70 mg, 2 mol %) in THF (5 mL) was cooled to –78°. 5-Butyl-1-iodo-5-hexene 

(1.33 g, 5 mmol) and diethylzinc (1.0 mL, 1.23 g, 10 mmol) were added. The 

mixture was warmed to room temperature and stirred for 4 hours. The solvent 

and excess diethylzinc were evaporated (0.1 mm Hg, room temperature, 1 

hour). After addition of THF (5 mL) and cooling to –40°, a solution of copper(I) 

cyanide (450 mg, 5 mmol) and lithium chloride (430 mg, 10 mmol) in THF 

(5 mL) was added and the reaction mixture was warmed to 0° (5 minutes) and 

cooled back to –78°. β -Nitrostyrene (1.12 g, 7.5 mmol) in THF (3 mL) was 

added and the reaction mixture was slowly warmed to 0° and stirred for 2 

hours. The reaction mixture was poured into a solution of saturated aqueous 

ammonium chloride (50 mL) and extracted with ether (3 × 30 mL). The 

combined organic phases were washed with brine (2 × 20 mL), dried over 

magnesium sulfate, and concentrated. The crude residue was purified by flash 

chromatrography (ether:hexanes 1:9) to yield the desired product as a clear oil 

(1.16 g, 81% yield). IR (neat) 1555, 1385 cm–1. 1H NMR ( CDCl3) δ : 7.39–7.20 

(m, 5 H), 4.73 (d, 2 H, J = 9.7 Hz), 4.66–4.51 (m, 2 H), 3.48 (q, 1 H, J = 7.6 Hz), 

2.00–1.93 (m, 4 H), 1.77–1.69 (m, 2 H), 1.47–1.17 (m, 8 H), 0.92 (t, 3 H, 

J = 6.0 Hz). Anal. Calcd. for C18H27NO2: C, 74.70; H, 9.40; N, 4.84. Found: C, 

74.86; H, 9.65; N, 4.70. 
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5.1.16. trans-4,5-Dihydro-4-(3-carbethoxy-3-butenyl)-5-isopropyl-2-(3H)-f
uranone (Nickel(II)-Catalyzed Diethylzinc-Mediated Cyclization of an 
Allylic Iodoacetal Followed by Trapping the Cyclized Zinc-Copper 
Reagent with an Allylic Bromide) (470)  
To a suspension of nickel(II) bis(acetylacetonate) (60 mg, 0.25 mmol), lithium 

iodide (160 mg, 1.25 mmol), and 

1-bromo-2-ethoxy-4-isopropyl-3-oxa-5-hexene (1.25 g, 5.0 mmol) in THF 

(5 mL) was added diethylzinc (1.0 mL, 10 mmol). The reaction mixture was 

warmed to room temperature within an hour, leading to a black solution. The 

cyclization reaction was completed by heating the mixture at 40° for 12 hours. 

A THF solution (15 mL) of copper(I) cyanide (1.33 g, 15 mmol) and lithium 

chloride (1.26 g, 30 mmol) was added at –60°. The reaction mixture was 

stirred for 20 minutes at 0°, ethyl (2-bromomethyl)acrylate (2.95 g, 15 mmol) 

was added at –78°, and the reaction mixture was warmed to room temperature. 

After 5 minutes it was poured into a saturated aqueous ammonium chloride 

solution (50 mL) and extracted with ether (3 × 100 mL). The combined organic 

phases were washed with brine (2 × 20 mL), dried over magnesium sulfate, 

and concentrated to afford the crude THF derivative, which was converted 

directly to the lactone in the following way. 

 

A solution of m-chloroperbenzoic acid (1.64 g, 9.6 mmol, purity 50%) in 

dichloromethane (10 mL) was dried with magnesium sulfate (~2 g). To this 

filtered solution were added successively at room temperature boron trifluoride 

etherate (0.2 mL, 1.58 mmol) and the previously obtained crude oil dissolved 

in dichloromethane (2–3 mL). After one hour of stirring, the mixture was diluted 

with ether (30 mL) and washed successively with a saturated aqueous solution 

of sodium thiosulfate (2 × 20 mL), a saturated aqueous solution of potasium 

carbonate (10 mL), and brine (2 × 20 mL). The organic layer was dried over 

magnesium sulfate, filtered, and concentrated. The crude product was purified 

by chromatography (hexanes:ether 4:1) to afford the trans- γ -butyrolactone 

(0.63 g, 50% overall yield). IR (neat) 1790, 1750 cm–1. 1H NMR ( CDCl3) δ 6.10 
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(s, 1 H), 5.48 (s, 1 H), 4.13 (q, 2 H, J = 7.1 Hz), 3.89 (dd, 1 H, J = 5.4 Hz), 2.62 

(dd, 1 H, J = 19.8, 11.2 Hz), 2.20 (m, 4 H), 1.76 (m, 1 H), 1.6 (m, 1 H), 1.47 (m, 

1 H), 1.24 (t, 3 H, J = 1.7 Hz), 0.90 (t, 6 H, J = 7.5 Hz). Anal. Calcd. for 

C14H22O4: C, 66.40; H, 8.66. Found: C, 66.16; H, 8.92. 

   

 

 

 

5.1.17. Isopropyl (4R*,5S*)-5-(Benzyloxy)-4-ethenyl-6-methylheptanoate 
(SN2′-Allylation of a Zinc Homoenolate Prepared from a 
Cyclopropylacetal) (323)  
To freshly fused zinc chloride (40.9 mg, 0.3 mmol) was added 

1-isopropoxy-1-(trimethylsiloxy)cyclopropane (119 mg, 0.6 mmol) in ether 

(3 mL). After 3 hours at room temperature, copper(I) bromide-dimethyl sulfide 

complex (5 µmol, 1 mg) and 4-benzyloxy-5-methyl-2-hexenyl chloride 

(47.7 mg, 0.20 mmol) in DMF (2 mL) were added. The reaction was stirred for 

15 hours at room temperature, and potassium fluoride (100 mg) in water 

(20 µL) was added. After stirring for one hour, the mixture was filtered through 

a short column of silica gel with ether to give the desired ester as an oil 

(48.2 mg, 73 % yield). IR (neat) 1735 cm–1; 1H NMR ( CDCl3) δ 7.49–7.20 (m, 

5 H), 5.76 (ddd, J = 10.1, 10.1, 17.1 Hz, 1 H), 5.17–4.91 (m, 3 H), 4.60 (s, 2 H), 

3.01 (dd, J = 2.5, 6.3 Hz, 1 H), 2.41–2.06 (m, 3 H), 1.94–1.66 (m, 3 H), 1.23 (d, 

J = 6.3 Hz, 6 H), 1.00 (d, J = 6.3 Hz, 3 H), 0.90 (d, J = 6.3 Hz, 3 H). Anal. 

Calcd. for C20H30O3: C, 75.43; H, 9.50. Found: C, 75.51; H, 9.56. 
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5.1.18. Ethyl 4-(4-Cyanophenyl)benzoate (Palladium-Catalyzed 
Cross-Coupling with an Arylzinc Iodide Prepared Using Rieke Zinc) (120)  
Two 50-mL two-necked flasks, A and B, were equipped with rubber septa, 

condensers trapped with argon inlets, and magnetic stir bars. Flask A was 

charged with freshly cut lithium (213 mg, 30.6 mmol) and naphthalene (3.99 g, 

31.2 mmol). Flask B was charged with anhydrous zinc chloride (2.09 g, 

15.4 mmol). Both of these operations were performed in a argon atmosphere 

drybox. The flasks were then transferred to the manifold system and the argon 

inlet fitted. Freshly distilled THF (15 mL) was added to both flasks. The lithium 

was consumed in about 2 hours, leading to a dark green solution. The zinc 

chloride solution was transferred dropwise to flask A over 15 minutes. (The 

active zinc was typically used at this point, but it could be washed with fresh 

solvent if naphthalene presents a problem with product isolation.) ethyl 

4-iodobenzoate (1.93 g, 7.0 mmol) was added to the active zinc (~15.4 mmol) 

at room temperature. The reaction mixture was stirred for 3 hours, then the 

solution was allowed to stand while excess zinc settled from the dark brown 

organozinc iodide solution. The supernatant solution was then ready for further 

transformations. Thus (4-carbethoxyphenyl)zinc iodide (2.16 mmol in THF 

(~10 mL) was transferred via cannula to a THF solution of Pd(PPh3)4 (127 mg, 

0.11 mmol) and 4-bromobenzonitrile (400 mg, 2.19 mmol) at room 

temperature. After 3 hours of stirring, the reaction mixture was poured into a 

saturated aqueous ammonium chloride solution (10 mL) and extracted with 

diethyl ether (3 × 10 mL). The combined organic layers were dried over 

calcium chloride. The resultant crude product was purified by flash 

chromatography on silica gel using a gradient elution (hexanes to remove 

napthalene first, then hexanes-ethyl acetate) to give pure ethyl 

4-(4-cyanophenyl)benzoate (433 mg, 1.73 mmol, 80 % yield) as a crystalline 

solid, mp 114–115°. IR ( CCl4) 2231, 1722, 1608 cm–1; 1H NMR ( CDCl3) δ 

8.21 – 7.60 (m, 8 H), 4.42 (q, J = 7.1 Hz), 2 H), 1.42 (t, J = 7.1 Hz, 3 H); Anal. 

Calcd. for C16H13NO2: C, 76.48; H, 5.21; N, 5.57. Found: C, 76.25; H, 5.17; N, 

5.31. 
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5.1.19. Ethyl 5-Oxo-6-methyl-6-heptenoate (palladium(0)-Catalyzed 
Acylation of an Alkylzinc Iodide Prepared in DMAC and Benzene) (496)  
To a 300-mL four-necked flask flushed with nitrogen and containing a 

zinc-copper couple (5.6 g, 85.5 mmol) in dry benzene (20 mL) were added 

ethyl 4-iodobutyrate (13.8 g, 57 mmol) in DMAC (9 mL) and benzene (70 mL) 

within 3 minutes at room temperature. The mixture was stirred for one hour at 

room temperature and was then heated at gentle reflux in an oil bath for 4.5 

hours. After the reaction mixture was cooled to 60°, a solution of Pd(PPh3)4 

(0.58 g, 0.5 mmol) in benzene (15 mL) was added over one minute. A solution 

of methacryloyl chloride (5.23 g, 50 mmol) in benzene (10 mL) was added over 

5 minutes and stirring was continued for one hour. The reaction mixture was 

filtered though a Celite pad, and the filtrate was washed successively with 

aqueous 1 N ammonium chloride (50 mL), aqueous saturated sodium 

hydrogen carbonate (10 mL), and saturated aqueous sodium chloride (50 mL). 

The aqueous phases were extracted with diethyl ether (100 mL). The 

combined organic extracts were dried over magnesium sulfate and the 

solvents were removed to yield a deep brown oil. This product was purified by 

chromatography on silica gel using a hexane-diethyl ether gradient followed by 

a Kugelrohr distillation in the presence of hydroquinone (10 mg) to give the 

pure product as a colorless liquid (8.0–8.1 g, 87–88%), bp 185° (20 mm). IR 

(film) 1730, 1680 cm–1; 1H NMR ( CDCl3) δ 5.96 (s, 1 H), 5.77 (brs, 1 H), 4.13 

(q, 2 H, J = 7.1 Hz), 2.76 (t, 2 H, J = 7.1 Hz), 2.35 (t, 2 H, J = 6.8 Hz), 

1.75–2.11 (m, 5 H), 1.25 (t, 3 H, J = 7.1 Hz). 

   

 

 

 

5.1.20. (6S)-(+)-6-Hydroxy-7-triisopropylsilyloxyheptyl Pivalate 
(Enantioselective Addition of a Functionalized Dialkylzinc to an α 
-Alkoxyaldehyde Affording a Protected 1,2-Diol) (532)  
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To 5-iodopentyl pivalate (7.40 g, 24 mmol), were added copper(I) iodide (ca. 

14 mg, 0.3 mmol %) and diethylzinc (3.6 mL, 36 mmol). The reaction mixture 

was warmed to 55° and stirred for 12 hours. The flask was connected to a 

vacuum (0.1 mm Hg), and the resulting ethyl iodide and excess diethylzinc 

were distilled (ca. 4 hours). The resulting dialkylzinc was dissolved in toluene 

(8 mL). A second flask charged with (1R, 

2R)-1,2-bis(trifluoromethanesulfonamido)cyclohexane (121 mg, 0.3 mmol) and 

Ti(OPr–i)4 (2.4 mL, 8 mmol) in toluene (2 mL) was heated to 50° for 0.5 hour 

and then cooled to –40°. The toluene solution of the zinc reagent was added, 

followed by 2-triiso-propylsilyloxyethanal (0.86 g, 4 mmol). The reaction 

mixture was warmed to –20°, was stirred at this temperature overnight, and 

then poured into a saturated aqueous ammonium chloride solution (50 mL) 

and extracted with ether (3 × 40 mL). The combined organic phases were 

washed with brine (2 × 20 mL), dried over magnesium sulfate, and 

concentrated. The residue was purified by flash chromatography 

(hexane:ether 4:1) affording the desired alcohol as a clear oil (1.17 g, 75% 

yield, 93% ee); [ α ]25
D = +0.64° (c 4.71, benzene). IR (neat) 1635 cm–1. 1H 

NMR ( CDCl3) δ 4.04 (t, J = 6.6 Hz, 2 H), 3.72–3.65 (m, 2 H), 3.50–3.44 (m, 1 

H), 2.56 (bs, 1 H), 1.68–1.61 (m, 3 H), 1.48–1.37 (m, 6 H), 1.18 (s, 9 H), 

1.14–1.02 (m, 21 H). Anal. Calcd. for C21H44O4Si C, 64.91; H, 11.41. Found: C, 

64.95; H, 11.60. 

   

 
 

 

5.1.21. 1-(2-Hydroxy)phenyl-3-buten-1-ol (Barbier Reaction Performed in 
Aqueous Medium) (148)  
A mixture of 2-hydroxybenzaldehyde (244 mg, 2 mmol), allyl bromide (492 mg, 

4 mmol), zinc powder (260 mg, 4 mmol) in THF (1 mL), and saturated aqueous 

ammonium chloride (3 mL) was stirred at room temperature. An exothermic 

reaction proceeded, and the reaction was complete within 20 minutes. The 

reaction mixture was extracted with ether (3 × 25 mL), and the combined 

organic phases were washed with brine (10 mL), dried over magnesium 

sulfate, and purified by flash chromatography (hexane-ether). The product was 

the pure benzylic alcohol (330 mg, 75% yield). IR (neat) 3350, 1640 cm–1; 1H 

NMR ( CDCl3) δ 8.0 (brs, 1 H), 7.3–6.7 (m, 4 H), 6.1–5.6 (m, 1 H), 5.3–5.0 (m, 

2 H), 4.8 (t, 1 H), 2.6 (t, 2 H). 
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5.1.22. N-Benzyl-6-(4-carbethoxyphenyl)purine (Palladium-Catalyzed 
Cross-Coupling Reaction of a Heteroaromatic Zinc Compound with a 
Functionalized Aryl Iodide) (118)  
To a suspension of zinc dust (0.85 g, 13 mmol) in THF pretreated with 

1,2-dibromoethane (0.15 g, 0.8 mmol) and TMSCl (0.1 g, 0.92 mmol) was 

added a solution of N-benzyl-6-iodopurine (0.75 g, 2.2 mmol) in THF (3 mL). 

The suspension was stirred for 4 hours at room temperature. Meanwhile, a 

two-necked flask equipped with an argon inlet was charged with palladium 

bis(dibenzylideneacetone) (15 mg, 0.026 mmol, 10 mol %), 

tri(2-furyl)phosphine (28 mg, 0.12 mmol, 5 mol %) and THF (2 mL). The 

solution was stirred until the red color disappeared (~ 10 minutes), indicating 

formation of the catalyst. A solution of ethyl 4-iodobenzoate (0.95 g, 3.4 mmol) 

in THF (2 mL) was added to the catalyst, followed by the red solution of the 

zinc compound. The reaction mixture was heated to 70° and stirred for 5 hours. 

The mixture was cooled to room temperature, quenched with a saturated 

aqueous ammonium chloride solution, and extracted with dichloromethane. 

The combined organic extracts were washed with brine, dried over magnesium 

sulfate, and concentrated at reduced pressure to give a solid. The crude 

residue was purified by chromatography (hexane/ether 5/1 to 1/1) to afford the 

desired product (0.54 g, 70 %). IR (neat) 2972, 1708, 1584, 1561, 1294, 1107, 

775, 726 cm–1. 1H NMR ( CDCl3) δ 8.90 (s, 1 H), 8.70 (d, J = 8.2 Hz, 2 H), 8.01 

(d, J = 8.4 Hz, 2 H), 7.94 (s, 1 H), 7.18 (s, 5 H), 5.40 (s, 2 H), 4.22 (q, 

J = 7.2 Hz, 2 H), 1.24 (t, J = 7.2 Hz, 3 H). Anal. Calcd for C12H25Br : C, 70.38; 

H, 5.06; N, 15.63; Found: C, 70.18; H, 5.13; N, 15.70. 
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5.1.23. (1S,2R)-1-(o-Methoxyphenyl)-2-(1-oxopentyl)cyclopentane 
(Palladium-Catalyzed Stereoselective Acylation of a Chiral Secondary 
Diorganozinc) (40)  
A Schlenk flask was charged with (–)-monoisopinocampheylborane (3.1 mL, 

2.5 mmol, 0.8 M) in ether, cooled to –35°, and 

1-(o-methoxyphenyl)cyclopentene (435 mg, 2.5 mmol) in ether (1 mL) was 

added. The reaction mixture was stirred at –35° for 48 hours, and the solvents 

were then carefully evaporated under reduced pressure. Diethylborane 

(2.1 mL of a 7.3 M solution in dimethyl sulfide, 15 mmol) was added, and the 

resulting solution was stirred at 50° for 16 hours. The solvents were 

evaporated under reduced pressure (25°, 2 hours). Diisopropylzinc (2.5 mL of 

a 0.3 M solution in ether, 7.5 mmol) was added over 10 minutes, and the 

reaction mixture was stirred at 25° for 5 hours. The volatiles were evaporated 

under reduced pressure (0 to 25°, 30 minutes), and the resulting gray residue 

was dissolved in dioxane (5 mL). The mixture was filtered under inert gas and 

cooled to 0°. A previously prepared mixture of palladium 

bis(dibenzylidene)acetone (20 mg, 2 mol %), tri(o-tolyl)phosphine (30 mg, 

4 mol %), and pentanoyl chloride (905 mg,7.5 mmol) in dioxane (3 mL) was 

added. The reaction mixture was allowed to warm slowly to 25°. After 12 hours 

the reaction mixture was quenched with an aqueous ammonia solution and 

stirred for 15 minutes. Then aqueous 2 M hydrochloric acid was added and the 

mixture was extracted with ether. After drying over magnesium sulfate and 

evaporating the solvents, the crude residue was purified by chromatography 

(hexane:ether, 49:1), affording 375 mg of pure product (58% yield based on 

the starting alkene). The syn:anti ratio (dr = 1:99) and the enantioselectivity 

(er = 90.5:9.5) were determined by capillary GLC analysis on a chiral 

cyclodextrin column (CP-Chirasil-Dex CB-Chrompack). IR (neat) 2956, 2870, 

1708, 1492, 1463, 1243, 1030, 753 cm–1. 1H NMR ( CDCl3) δ 7.12-7.06 (m, 4 

H), 3.70 (s, 3 H), 3.53-3.44 (q, J = 8.0 Hz, 1 H), 3.04-2.95 (q, J = 8.0 Hz, 1 H), 

2.22-2.16 (td, J = 7.5, 3.5 Hz, 2 H), 2.04-1.64 (m, 6 H), 1.42-1.33 (quint, 
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J = 7.5 Hz, 2 H), 1.19-1.05 (sext, J = 7.5 Hz, 2 H). Exact mass calcd. for 

C17H24O2: 260.1776, obsd. 260.1774. 

5.1.24. Ethyl (E)-13-Pivalyloxy-2-tridecenoate (Nickel(II)-Catalyzed 
Cross-Coupling of a Functionalized Dialkylzinc with a Functionalized 
Alkyl Iodide) (333)  
A two-necked flask equipped with an argon inlet was charged with 6-iodohexyl 

pivalate (3.75 g, 12 mmol), copper(I) iodide (4 mg, 0.02 mmol), and diethylzinc 

(1.3 mL, 13 mmol). The reaction mixture was heated at 50° and  

   

 

 

stirred for 8 hours. The ethyl iodide formed and excess diethylzinc were 

removed under vacuum (50°, 2 hours, ~0.1 mm Hg). The resulting oily 

bis(6-pivaloxyhexyl)zinc was dissolved in THF (4 mL) at room temperature. 

Meanwhile a three-necked flask equipped with an argon inlet was charged with 

nickel(II) bis(acetylacetonate) (116 mg, 0.45 mmol, 8 mol%), NMP (1.5 mL), 

and THF (2.5 mL). 

 

(E)-Ethyl 7-iodo-2-heptenoate (1.69 g, 6 mmol) was added to the catalyst 

solution at –78°. The solution of bis(6-pivaloxyhexyl)zinc was slowly added at 

–78°. The resulting mixture was allowed to warm to –35° and stirred for 15 

hours. The reaction was carefully quenched with a saturated aqueous 

ammonium chloride solution and was extracted extracted with ether. The 

combined organic layers were washed with brine, dried over magnesium 

sulfate, and evaporated under vacuum. The crude residue was purified by 

flash chromatography (hexane:ether = 19:1 to 5:9) to afford the desired 

product (1.49 g, 73 %). IR (neat) 2935, 1730, 1465, 1160 cm–1; 1H NMR 

( CDCl3) δ 6.93-6.83 (m, 1 H), 5.73 (d, J = 15.7 Hz, 1 H), 4.09 (q; J = 7.1 Hz, 2 

H), 3.96 (t, J = 6.6 Hz, 2 H), 2.11 (t, J = 7.1 Hz, 2 H), 1.56-1.49 (m, 2 H), 

1.39-1.35 (m, 2 H), 1.28-1.17 (m, 15 H), 1.11 (s, 9 H). Anal. Calcd. for 

C20H36NO4: C, 70.54; H, 10.65. Found: C, 70.48; H, 10.61. 
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5.1.25. Ethyl [3-(p-Cyanophenyl)propionate [Nickel(II)-Catalyzed 
Cross-Coupling of a Polyfunctional Arylzinc Derivative with a Primary 
Alkyl Iodide] (230)  
A three-necked flask equipped with a thermometer, a gas inlet, and an addition 

funnel was charged with 4-bromobenzonitrile (2.27 g, 12.5 mmol) in THF 

(20 mL). The reaction mixture was cooled to –100°, and n-butyllithium (8.7 mL, 

12.9 mmol, 1.6 M in hexane) was added over 5 minutes. A precipitate formed 

immediately and the reaction mixture was stirred for 20 minutes at this 

temperature. A THF solution of zinc bromide (6.25 mL, 2.81 g, 12.5 mmol) was 

slowly added and the mixture was allowed to warm to room temperature and 

was concentrated by evaporation of the solvents under vacuum. The resulting 

~1.2 M solution was transferred at –78° to a two-necked flask equipped with 

an argon inlet and a septum and containing ethyl 3-iodopropionate (1.14 g, 

5 mmol), 4-trifluoromethylstyrene (0.75 mL, 5 mmol, 1 equivalent), nickel(II) 

bis(acetylacetonate) (128 mg, 0.5 mmol, 10 mol %) in THF (1.7 mL), and NMP 

(0.8 mL). The reaction mixture was allowed to warm to –15° and stirred for 5 

hours. The reaction mixture was quenched with a saturated aqueous 

ammonium chloride solution and extracted with ether. The combined organics 

were dried over magnesium sulfate and evaporated under vacuum. The crude 

residue was purified by flash chromatography (hexane-ether) to afford the 

desired product (0.762 g, 75% yield) as a colorless oil. IR (neat) 3061, 3026, 

2980, 2936, 2228, 1733, 1513, 1246, 1175, 1034 cm–1. 1H NMR ( CDCl3) δ 

7.58 (d, J = 8.3 Hz, 2 H), 7.32 (d, J = 8.3 Hz, 2 H), 4.12 (q, J = 7.1 Hz, 2 H), 

3.01 (t, J = 7.5 Hz, 2 H), 2.64 (t, J = 7.5 Hz, 2 H), 1.22 (t, J = 7.1 Hz, 3 H). Anal. 

Calcd. for C12H13NO2: C, 70.92; N, 6.89; H, 6.45. Found: C, 70.75; N, 7.08; H, 

6.57. 
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5.1.26. (3R,4R)-3-Methyl-4-phenyl-1-trimethylsilylpentyne 
[copper(I)-Catalyzed Stereoselective Alkynylation of a Chiral Secondary 
Diorganozinc] (44)  
A one-necked Schlenk flask was charged with 

(–)-monoisopinocampheylborane (4.3 mL, 3 mmol, 0.7 M in ether), cooled to 

–35°, and (Z)-2-phenyl-2-butene (396 mg, 3 mmol) in ether (1 mL) was added. 

The reaction mixture was stirred at –35° for 48 hours, and the solvents were 

carefully evaporated under reduced pressure. Diethylborane (2.5 mL of a 

7.3 M solution in dimethyl sulfide, 18 mmol) was added, and the resulting 

solution was stirred at 50° for 16 hours. The solvents were evaporated under 

reduced pressure (room temperature, 2 hours). Diisopropylzinc (1.8 mL of a 

5 M solution in ether, 9 mmol) was added over 10 minutes, and the reaction 

mixture was stirred for 5 hours at room temperature. The volatiles were 

evaporated under reduced pressure (0 to 25°, 30 minutes), and the resulting 

gray residue was dissolved in THF (5 mL). A 1 M THF solution of copper(I) 

cyanide (215 mg, 2.4 mmol) and lithium chloride (204 mg, 4.8 mmol) was 

added at –78°. The reaction mixture was stirred at –78° for 10 minutes, and 

2-bromo-1-trimethylsilylacetylene (1.59 g, 9 mmol) was added. The reaction 

mixture was stirred 1 hour at –78°, and the cooling bath was removed, allowing 

the reaction to rise to room temperature. The reaction mixture was quenched 

with a saturated aqueous ammonium chloride solution and extracted with ether. 

After drying over magnesium sulfate and evaporating the solvents, the crude 

residue was purified by chromatography (silica, hexane), affording 283 mg of 

pure (3R,4R)-3-methyl-4-phenyl-1-trimethylsilylpentyne (41 % yield based on 

the starting alkene). The syn:anti ratio and the enantioselectivity were 

determined by capillary GLC analysis on a chiral β -cyclodextrin column 

(CP-Chirasil-Dex CB, Chrompax). IR (neat) 2166, 1454, 1249, 842, 760 cm–1. 
1H NMR ( CDCl3) δ 7.19-7.05 (m, 5 H), 2.61-2.45 (m, 2 H), 1.28 (d, J = 6.5 Hz, 

3 H), 0.0 (s, 9 H). Anal. Calcd. for C15H22Si : C, 78.19; H, 9.62, Found: C, 77.81; 

H, 9.58. 
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5.1.27. 3-Myrtanylcyclopentanone (Conjugate Addition of Dimyrtanylzinc 
to an Enone in N-Methylpyrrolidinone) (314)  
A two-necked flask equipped with an argon inlet was charged with (1S)-(–)- β 

-pinene (13.6 g, 100 mmol) and cooled to –10°. Borane-methyl sulfide 

complex (2.28 g, 30 mmol) was added to form a thick precipitate (10 minutes), 

which was dissolved in ether (15 mL). The resulting solution was stirred at 0° 
for 2 hours, and warmed to room temperature for a further 8 hours. The solvent 

and excess (1S)-(–)- β -pinene were removed under reduced pressure 

(0.1 mm Hg, room temperature, 1 hour) to give tri(cis-myrtanylborane) (12.5 g, 

99%). The resulting white solid was dissolved in hexane (12 mL) before 

cooling to 0°. Diethylzinc (6 mL, 60 mmol) was added, and the resulting 

mixture was stirred at 0° for 30 minutes. The solvent and the excess 

diethylzinc were removed under reduced pressure (0.1 mm Hg, room 

temperature, 1 hour). The reaction with diethylzinc was repeated a second 

time before heating at 40° for 4 hours under reduced pressure (0.1 mm Hg) to 

ensure removal of all excess diethylzinc. The resulting oily dimyrtanylzinc was 

allowed to cool to room temperature. Meanwhile a three-necked flask 

equipped with an argon inlet was charged with 2-cyclopenten-1-one (0.41 g, 

5 mmol), THF (2 mL) and N-methylpyrrolidinone (3 mL). This solution was 

cooled to –30°, and TMSCl (0.54 g, 5 mmol) and dimyrtanylzinc (1.7 g, 5 mmol) 

were added. The resulting mixture was stirred at –30° for 3 hours, diluted with 

THF (30 mL), and poured into aqueous 10 % hydrochloric acid (10 mL). The 

mixture was stirred for 15 minutes and extracted with ether. The combined 

organics were washed with brine, dried over magnesium sulfate, and 

concentrated under reduced pressure. The crude residue was purified by flash 

chromatography (hexane:ether, 19:1) to afford the desired product (0.87 g, 

79% of a 1:1 mixture of diastereomers); IR (neat) 2907, 1744, 1468, 1404, 

1159 cm–1. 1H NMR ( CDCl3) δ 2.28-1.74 (m, 12 H), 1.49-1.32 (m, 4 H), 1.11 (s, 

5 H), 0.94 (s, 3 H). Anal. Calcd. for C15H24O : C, 81.76; H, 10.97, Found: C, 

81.92; H, 10.94. 
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5.1.28. (S)-4-Hydroxy-4-phenylbutyl Pivalate (Enantioselective Addition 
of a Mixed Diorganozinc to Benzaldehyde) (565)  
To 3-iodopropyl pivalate (1.49 g, 5.5 mmol) and copper(I) iodide (57 mg, 

0.3 mmol) was added diethylzinc (3.6 mL, 36 mmoL). The reaction mixture 

was warmed to 55° and stirred for 12 hours. The flask was connected to 

vacuum (0.1 mm Hg), and ethyl iodide and excess diethylzinc were distilled off 

(50°, 4 hours). The resulting oily bis(3-pivaloyloxypropyl)zinc was dissolved in 

ether at room temperature (1.5 mL), and bis(trimethylsilyl)zinc (0.57 g, 

2.4 mmol) was added. Meanwhile a three-necked flask was charged under 

argon with (1R,2R)-1,2-bis(trifluoromethanesulfonamido)cyclohexane (61 mg, 

0.18 mmol), Ti(OPr–i)4 (0.36 mL, 1.2 mmol) and ether (3 mL). This catalyst 

solution was cooled to –20°, and the 

(3-pivaloyloxypropyl)(trimethylsilylmethyl)zinc solution was slowly added. After 

10 minutes, benzaldehyde (0.21 g, 2 mmol) was added, and the reaction 

mixture was stirred at –20° for 26 hours. The reaction mixture was quenched 

with a saturated aqueous ammonium chloride solution and extracted with ether. 

The combined organics were washed with brine and dried over magnesium 

sulfate. The solvents were evaporated under reduced pressure and the crude 

residue was purified by chromatography (hexane:ether, 4:1) to afford the 

product (81% yield; 96% ee). The enantiomeric excess was determined by 

chiral HPLC analysis: Chiracel OD, hepane:2-propanol, 90:10; flow 0.6 mL/min; 

12.6 minutes (major isomer) and 15.3 minutes (minor isomer). [ α ]25
D = –20.3° 

(c 2.87, benzene). IR (neat) 3540, 2970, 2930, 1720, 1480 cm–1. 1H NMR 

( CDCl3) δ 7.36-7.28 (m, 5 H), 4.72-4.70 (m, 1 H), 4.10-4.06 (t, J = 6.0 Hz, 2 H), 

1.86-1.31 (m, 5 H), 1.20 (s, 3 H). 
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5.1.29. Bis(2-Furyl) Ketone [Cobalt(II)-Mediated Carbonylation of 
2-Furylzinc Bromide] (536)  
A three-necked flask was charged with furan (1.7 g, 25 mmol) and THF (10 mL) 

and was cooled to 0°. A solution of n-butyllithium (12.5 mL, 20 mmol, 1.6 M in 

hexane) was added dropwise over 5 minutes. The solution was stirred for 30 

minutes at room temperature. A solution of zinc bromide (4.5 g, 20 mmoL) in 

ether (15 mL) was added at –80°. The reaction mixture was allowed to warm to 

0°. Meanwhile a second three-necked flask was charged with cobalt(II) 

bromide (4.38 g, 20 mmol), THF (5 mL), and NMP (15 mL). The solution was 

cooled to 0° and carbon monoxide was bubbled through using a pipette. The 

solution of 2-furylzinc bromide was added dropwise at 0°. The reaction mixture 

was stirred at this temperature for 3 hours. The carbon monoxide stream was 

stopped, and stirring was continued for an additional 2 hours. The mixture was 

poured into hexane (200 mL) and stirred for 2 hours to decompose the 

intermediate cobalt-carbonyl complexes. The reaction was quenched with a 

saturated aqueous ammonium chloride solution, and extracted with ether. The 

combined organics were washed with brine, dried over magnesium sulfate, 

and the solvents were evaporated under reduced pressure. The crude residue 

was purified by flash chromatography (hexane:ether = 19:1) to afford 1.26 g of 

the desired product (78% yield); IR (neat) 1632, 1572, 1468, 1396, 1312, 1032, 

839 cm–1. 1H NMR ( CDCl3) δ 7.53 (s, 2 H), 7.35 (d, J = 4.0 Hz, 2 H), 6.41 (m, 2 

H). Anal. Calcd. for C9H6O3: C, 66.66; H, 3.72; Found: C, 66.53; H, 3.75. 
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5.1.30. Ethyl (8-Hydroxy-8-phenyl-6-methylene)octanoate (Addition of a 
Masked Functionalized Allylzinc Reagent to Benzaldehyde) (296)  
A two-necked flask equipped with an argon inlet was charged with ethyl 

(8-tert-butyl-9,9-dimethyl-8-hydroxy-6-methylene)decanoate (0.26 g, 

0.83 mmol) and THF (4 mL). The solution was cooled to –78° and 

n-butyllithium (9.52 mL, 0.79 mmol, 1.5 M hexane) was added slowly. After 15 

minutes a solution of zinc chloride (110 mg, 0.79 mmol) in THF (2 mL) was 

added followed by benzaldehyde (84 mg, 0.79 mmol). The mixture was stirred 

for 1 hour at –78° and slowly warmed to room temperature over 3 hours. The 

reaction was quenched with a saturated aqueous ammonium chloride solution 

and the mixture was extracted with ether. The combined organics were 

washed successively with water and brine, dried over magnesium sulfate, and 

evaporated under reduced pressure. The crude residue was purified by flash 

chromatogaphy (pentane:ether, 80:20 to 60:40) to afford 130 mg of a colorless 

oil (60 % yield). 1H NMR ( CDCl3) δ 7.30-7.18 (m, 5 H), 4.83 (m, 2 H), 4.70 (dd, 

J = 5.2 Hz, 8.3 Hz, 1 H). 4.20 (q, J = 7.1 Hz, 2 H), 2.34 (m, 2 H), 2.21 (t, 

J = 7.5 Hz, 2 H), 2.18 (s, 1 H), 2.00 (t, J = 7.5 Hz, 2 H), 1.60-1.36 (m, 4 H), 

1.19 (t, J = 7.1 Hz, 3 H). Anal. Calcd. for C17H24O3: C, 73.88; H, 8.75; Found: C, 

73.66; H, 8.71. 

   

 
 

 

5.1.31. 1-(Phenylcarbonylmethyl)spiro[4,5]dec-6-ene (Zinc-Ene 
Cyclization from a Masked Cyclic Allylzinc Reagent) (299)  
A two-necked flask equipped with an argon inlet was charged with 

3-(4-pentenyl)-3-(2,2-dimethylpropionyl)cyclohexene (0.24 g, 1.02 mmol) and 

THF (4 mL). The solution was cooled to 0°, and a solution of n-butyllithium 

(0.68 mL, 1.025 mmol, 1.5 M in hexane) was added. After 5 minutes the 

orange mixture was cooled to –78°, and a THF (2 mL) solution of zinc(II) 

chloride (0.14 g, 1.02 mmol) was added. The reaction mixture was slowly 
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warmed to room temperature over 3 hours. A THF (2 mL) solution of copper(I) 

cyanide (90 mg, 1.02 mmol) and lithium chloride (90 mg, 2.04 mmol) was 

added at 0°. After stirring the resulting yellow mixture for 5 minutes, benzoyl 

chloride (0.15 g, 1.08 mmol) was added. The reaction mixture was stirred for 2 

hours at 0° and quenched with a saturated aqueous ammonium chloride 

solution. The mixture was diluted with ether and the white precipitate was 

removed by filtration. The aqueous layer was extracted with ether. The 

combined organics were washed with brine, dried over magnesium sulfate, 

and concentrated under reduced pressure. The crude residue was purified by 

flash chromatography (pentane:ether, 98:2) to afford a colorless oil. The pure 

product was obtained by crystallization from pentane (0.2 g, 60% yield). IR 

(neat) 2930, 1677, 1446, 981, 784, 684, 569 cm–1. 1H NMR ( CDCl3) d 7.87 (d, 

J = 7.0 Hz, 2 H), 7.47-7.19 (m, 3 H), 5.63 (dt, J = 10.2, 3.6 Hz, 1 H), 5.49 (d, 

J = 10.2 Hz, 1 H), 2.97 (dd, J = 16.2, 3.3 Hz, 1 H), 2.66 (dd, J = 16.2, 10.4 Hz, 

1 H), 2.12-2.02 (m, 1 H), 1.96-1.30 (m, 13 H). Anal. Calcd. for C18H22O : C, 

84.99; H, 8.72; Found: C, 84.75; H, 8.63. 
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6. Tabular Survey 

 

The tables include examples of functionalized organozincs reactivity collected 

during the last 20 years up to the end of December, 1999. 

 

Yields are given in parentheses in the product column of the tables. 

 

In all tables except Table XVIII, the first column has a header that represents a 

zinc reagent. The structures in this column contain a bond with a wavy line 

drawn through it. This symbol denotes the point of attachment of the zinc 

reagent that is indicated in the column header. There are four headers for the 

zinc reagent (FG = functional group):  

 FG-RZnX (Tables I, XIX, XX) 

 FG-RCu(CN)ZnX (Tables II-VII, IX, XI, and XV) 

 FG–RMLn (Tables VIII, X, XII-XIV, XVII) 

 (FG–R)2Zn (Table XXI) 

 

Abbreviations: 

C4H3S 2-thienyl 

C10H7-1 1-naphthyl 

Bn benzyl 

Boc tert-butoxycarbonyl 

Bz benzoyl 

DMAC N,N-dimethylacetamide 

DME 1,2-dimethoxyethane 

DMF N,N-dimethylformanide 

DMPU N,N¢-dimethylpropyleneurea 

HMPA hexamethylphosphortriamide 

LDA lithium diisopropylamide 

Ms mesyl 

NMP N-methylpyrrolidinone 

Nf perfluorobutyl (nonaflate) 

Piv pivaloyl 

TBDMS tert-butyldimethylsilyl 

TBDPS tert-butyldiphenylsilyl 

THP tetrahydropyranyl 

TIPS triisopropylsilyl 
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TMEDA N,N,N¢,N¢-tetramethylethylenediamine 

TMS trimethylsilyl 

TMSCl trimethylsilyl chloride 

Tol tolyl 

Ts tosyl  
 

 

  

Table I. Hydroperoxides and Nitriles from Functionalized Zinc-Copper 
Reagents  
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Table II. Functionalized Stannanes from Functionalized Zinc-Copper 
Reagents  
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Table III. Reactions of Aliphatic Zinc-Copper Reagents with Allylic 
Halides  
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Table IV. Reactions of Benzylic Zinc-Copper Reagents with Allylic 
Halides  
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Table V. Reactions of Alkenyl or Aromatic Zinc-Copper Reagents with 
Allylic Halides  
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Table VI. Reactions of Propargylic Halides/Tosylates with 
Organozinc-Copper Reagents  
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Table VII. Reactions of Cationic Metal Complexes with 
Organozinc-Copper Reagents  
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Table VIII. Reactions of Alkenyl/Aromatic Halides and Sulfones with 
Zinc-Copper Reagents  
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Table IX. Reactions of Zinc-Copper Organometallics with 1-Haloalkynes  
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Table X. Coupling Reactions Between Functionalized Zinc Reagents and 
Alkyl Halides  
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Table XI. Additions of Zinc-Copper Reagents to Acid Chlorides and 
Anhydrides  
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Table XII. 1,2-Additions of Organometallic Reagents to Carbonyl and 
Related Compounds  
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Table XIII. 1,2-Additions of Zinc/Copper Reagents to Carbonyl and 
Related Compounds  
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Table XIV. 1,4-Additions of Zinc/Copper Reagents to Enones and Related 
Compounds  
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Table XV.  BF3·OEt2 Mediated 1,4-Additions of Zinc Cuprates to Enones  
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Table XVI. Additions of Zinc-Copper Reagents to Nitroolefins  
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Table XVII. Carbometallations of Alkynes with Dialkylzinc or Zinc-Copper 
Reagents  
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Table XVIII. Intramolecular Carbozincation of Functionalized Alkenes or 
Alkynes  
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Table XIX. Cross Coupling of Zinc Reagents with Aryl/Vinyl Halides and 
Sulfonates  
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Table XX. Palladium-Catalyzed Acylation of Functionalized Zinc 
Reagents  
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Simmons-Smith Cyclopropanation Reaction 

 

André B. Charette, Université de Montréal, Montréal, Québec, Canada 

André Beauchemin, Université de Montréal, Montréal, Québec, Canada 

1. Introduction 

 

Almost 30 years after Emschwiller prepared IZnCH2I , (1) Simmons and Smith 

discovered that the reagent formed by mixing a zinc-copper couple with CH2I2 

in ether (2, 3) could be used for the stereospecific conversion of alkenes to 

cyclopropanes (Eq. 1). Nowadays, the Simmons-Smith cyclopropanation 

reaction is  

   

 

 (1)   

 

one of the most widely used reactions in the organic chemist's arsenal for the 

conversion of olefins into cyclopropanes. (4) This popularity is mainly due to 

the stereospecificity of the reaction with respect to the double bond geometry 

and its compatibility with a wide range of functional groups. The 

chemoselectivity of the reaction toward some olefins is excellent and very few 

side reactions are observed with functionalized substrates. The metal 

carbenoid is electrophilic in nature and electron-rich alkenes usually react 

much faster than electron-poor alkenes (Eq. 2). (5, 6) 

   

 

 (2)   

 

 

 

Furthermore, the ability to use proximal hydroxy or ether groups to dictate the 

stereochemical outcome of the C － C bond forming process was recognized 

early on, (7) and this unique property has been successfully exploited on 

numerous occasions (Eq. 3). (8) It has been recognized that halomethylmetal 

reagents are powerful synthetic tools for the stereoselective addition of a 

methylene unit to chiral  
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 (3)   

 

acyclic allylic alcohols and allylic ethers. (9) In addition, the use of 

halomethylzinc reagents in the presence of chiral additives is one of the few 

ways to cyclopropanate allylic alcohols efficiently and with good enantiocontrol. 

(10) 

 

Carbenoids can be divided into the following two classes: (1) those of general 

structure MCH2X and (2) those corresponding to M = CH2. This review is 

focussed exclusively on the first class in which M = Zn, Sm, or Al. Although 

other metal carbenoids of type MCH2X, such as those derived from Cu, (11) 

Cd, (12) Hg, (13) and In, (14) have been reported to be effective reagents for 

the cyclopropanation of some olefins, they have been used only sporadically, 

and this review does not highlight these reactions. This chapter covers 

cyclopropanation reactions involving haloalkylzinc, aluminum, and samarium 

reagents published since the comprehensive chapter in Organic Reactions by 

Simmons that surveyed the literature up to 1973. (15) 
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2. Mechanism 

2.1. Solid-State and Solution Studies of Haloalkylmetal Reagents  
The mechanistic features of the Simmons-Smith cyclopropanation reaction 

have been discussed extensively in early reviews on the topic. (4, 15) It has 

been clearly established that the Simmons-Smith cyclopropanation reaction 

involving iodomethylzinc iodide and an alkene proceeds in a concerted fashion 

with retention of configuration with regard to the olefinic double bond. Since 

then, the main advances that have been accomplished are in the structural 

elucidation of the simplest zinc reagents. Indeed, the solid-state structures of 

the halomethyl-zinc reagents have remained speculative until very recently 

when the first X-ray crystal structure of one of these reagents was reported. 

(16, 17) A complex between Zn(CH2I)2 and a chiral diether provided 

monomeric crystals suitable for X-ray diffraction analysis. This complex was 

also fully characterized in solution by 1H and 13C NMR, the characteristic 

resonances being those for ZnCH2I at ~1.4 ppm (1H) and –20 ppm (13C). The 

structures of the complexes between benzo-18-crown-6 as the coordinating 

ether and both IZnCH2I and Zn(CH2I)2 are also known. (18) 

 

The exact nature of the structural features of these reagents in solution has 

given rise to many postulates. Among those, the possible Schlenk equilibrium 

between IZnCH2I and Zn(CH2I)2/ ZnI2 has been widely accepted by the 

scientific community to explain the stereochemical outcome of some 

cyclopropanation reactions but little has actually been unequivocally 

established. In-depth spectroscopic studies have recently shown that the 

equilibrium between these species lies heavily on the side of IZnCH2I . (19, 20) 

This observation is in agreement with what has been reported for organozinc 

iodides (RZnI) (21-23) but is in sharp contrast with what has been reported for 

BrZnCH2Br . (24) 

 

Using similar spectroscopic studies, the solution structure of the Furukawa 

reagent ( EtZnCH2I ) has been established. (19) This reagent is in equilibrium 

with Et2Zn and Zn(CH2I)2 and it eventually rearranges to PrZnI. Since the rate 

of this self-destructive pathway can be competitive with the cyclopropanation 

reaction of some unreactive alkenes, it may be advantageous in some cases 

to add additional CH2I2 to generate IZnCH2I from PrZnI. 

2.2. Theoretical Studies  
It has been postulated based on experimental observations that the 

cyclopropanation reaction of simple alkenes occurs via the “butterfly type” 
transition state (1). (3) Several theoretical studies at various computational 

levels have been performed  
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and they are in agreement with this postulate. The first theoretical 

investigations were carried out using ab initio gradient techniques and the 

3–21G basis set for the reaction between LiCH2F and ethylene, and a butterfly 

type transition structure similar to (1) lies at a minimum. (25) Two additional 

studies (at the density functional theory level) of the Simmons-Smith 

cyclopropanation of ethylene with chloromethylzinc chloride (26, 27) and 

iodomethylzinc iodide (28) concluded that a three-centered transition state 

structure such as (1) is the favored reaction pathway for the production of the 

cyclopropane. 

 

Recently, theoretical studies of the cyclopropanation of ethylene with 

chloromethylzinc chloride and of the cyclopropanation of chloromethylzinc 

allylic alkoxides, both in the presence of a Lewis acid ( ZnCl2), have been 

performed at the density functional theory level (B3LYP/631A). (29) Transition 

state (2), in which a five-centered complex is involved, is kinetically favored 

over the related four-centered complex (3) by 1.3 kcal/mol. Although this 

explanation appears to be consistent with the observation that added Lewis 

acids can produce a rate acceleration in the cyclopropanation reaction of zinc 

alkoxides, (30, 31) other modes of activation cannot be ruled out at this time. 

There is still a need for additional and more conclusive experimental evidence 

on the effect of added Lewis acids in the cyclopropanation of zinc alkoxides. 

These studies may have a significant impact on the development of new 

asymmetric catalytic processes. 

   

 

 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




3. Scope and Limitations 

3.1. Preparation of Haloalkylmetal Reagents  
3.1.1. Zinc Carbenoids  
There are three classes of reactions that can generate the reactive 

haloalkylzinc species: (1) the oxidative addition of zinc metal into a carbon －

halogen bond, (2) the alkyl group exchange between an organozinc reagent 

and a dihaloalkane, and (3) the insertion of a diazoalkane into a zinc － iodide 

bond. The oxidative addition of an activated form of zinc metal into a C－ X 

bond is by far the most widely used method for the cyclopropanation of simple 

olefins. (32) Simmons and Smith recommended the use of a zinc-copper 

couple for this purpose. Their original procedure (33) (heating a mixture of zinc 

dust and cupric oxide under a hydrogen atmosphere) has been replaced by a 

more convenient method (treatment of zinc powder with cupric sulfate solution), 

which produces a reagent of comparable reactivity. (34, 35) A later 

modification calls for the treatment of zinc dust with a hot solution of cupric 

acetate in acetic acid. (36) Alternatively, zinc dust can be activated by mixing it 

with cuprous chloride under nitrogen. (37, 38) These procedures have been 

used in >90% of the cyclopropanation reactions involving a zinc-copper 

couples over the last 25 years. The analogous zinc-silver couple has been 

found to be useful, giving in some cases higher yields of cyclopropanes and/or 

shorter reaction times compared to those obtained with the zinc-copper couple. 

(39) Commercial zinc dust devoid of lead impurities is suitable for the reagent 

preparation. (40) 

 

The addition of acetyl chloride to the Zn/ CuCl combination produces a reagent 

that can react with dibromomethane to generate bromomethylzinc bromide. 

(41) Commercial zinc metal of lower purity can be activated by the addition of 

TMSCl (40, 42) or TiCl4, (43) by heating to 140–150° for 3 hours, (44) or by 

sonication. (45) Alternatively, highly reactive zinc powder suitable for reagent 

formation can be prepared by in situ reduction of zinc(II) salts. (46) The main 

advantage of these methods that involve commercial zinc metal for reagent 

preparation is practicality, since these reagents are more stable and easy to 

handle; however, none of these methods has found a wide acceptance in the 

literature. 

 

Finally, one major limitation of the reactions involving the oxidative addition of 

an activated form of zinc metal into a C － X bond is that an ethereal solvent 

must necessarily be used (most commonly ether, THF or DME). Under these 

conditions, the electrophilic character of the reagent is lowered by the 

presence of a basic solvent. (9) In addition, the vast majority of stereoselective 

cyclopropanation reactions involving zinc reagents use other methods to 

generate the zinc carbenoid to avoid the presence of complexing solvents 

(vide infra). In conclusion, the methods outlined above for generating the 
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active zinc reagent should be used only with very reactive alkenes and when 

an ethereal solvent can be used. They are not compatible with most 

stereoselective cyclopropanation reactions involving substrate/chiral 

ligand-directed reactions since an ethereal solvent generally decreases the 

level of stereocontrol. Although there are numerous methods for activating zinc 

metal, the activation procedures using CuSO4, (34) Cu(OAc)2, (36) or CuCl (37) 

are still used in >90% of all the examples. 

 

A superb and practical method for generating iodomethylzinc species 

quantitatively and reproducibly was reported by Furukawa and coworkers. (47, 

48) These workers found that a similar reactive species could be prepared by 

using Et2Zn to form presumably EtZnCH2I (Furukawa's reagent). This alkyl 

exchange reaction to generate the reagent generally proceeds smoothly in a 

variety of solvents, but it is thought that traces of molecular oxygen are 

necessary to initiate carbenoid formation. (49, 50) However, for most 

applications, the adventitious oxygen present as an impurity is sufficient to 

initiate the process. Since diethylzinc is readily available neat or as a solution 

in several solvents, the cyclopropanation reaction can be carried out in a wide 

range of noncomplexing solvents such as dichloromethane, 

1,2-dichloroethane, benzene, and toluene. The reactivity profile of Zn(CH2X)2 

(X = I, Cl), prepared from 1 equivalent of Et2Zn and two equivalents of XCH2I 

(X = I, Cl), indicates that these reagents are sometimes more effective than 

those derived from zinc metal, especially in stereoselective transformations. 

(51) Bis(chloromethyl)zinc in 1,2-dichloroethane is often the best reagent to 

use with less reactive alkenes. Another good and underused method for 

preparing IZnCH2I involves the alkyl exchange reaction between EtZnI 

(prepared from Zn metal and EtI) and CH2I2, especially if the reagent has to be 

prepared on a large scale and if Et2Zn is not a viable option. (52) 

 

It has been reported that the reagent derived from a 1:1:1 mixture of 

trifluoroacetic acid, diethylzinc, and diiodomethane is effective for the 

cyclopropanation of simple alkenes (Eq. 4). (53) In some cases, such as in the 

cyclopropanation of (E)-stilbene, this reagent is far superior to that derived 

from the zinc-copper couple or diethylzinc and diiodomethane. (52, 54) 

Alternatively, this reagent can be prepared by mixing trifluoroacetic acid and 

bis(iodomethyl)zinc, but this procedure is not recommended on large scale 

because of the exothermicity of reagent formation and the relatively rapid 

decomposition of bis(iodomethyl)zinc into iodomethylzinc iodide at 

temperatures above –20° in the absence of a complexing solvent. 
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Finally, shortly after the Simmons and Smith seminal publication, Wittig (55, 56) 

reported that treatment of zinc iodide with either one or two equivalents of 

diazomethane was an alternative method for preparing IZnCH2I or the 

analogous bis(iodomethyl)zinc reagent [ Zn(CH2I)2]. However, this method for 

the preparation of the reagent has not been widely used in the last 30 years. A 

brief comparison of the various approaches to zinc carbenoids is shown in 

Table A.  

  

Table A. Methods for the Preparation of Cyclopropanating Reagents 
“ZnCH2X”  

 

Reactants (best 
solvents) Comments 

 

Zn/activator, 

CH2X2 (Et2O, 

THF, DME, etc) 

Oldest and still most widely used. No 

significant advantage over other methods 

other than the stability and availability of 

precursors. Traditional method of 

activation used in >90% of 

cyclopropanations involving zinc metal. 

Reaction conditions lead to a much less 

reactive but more stable reagent. 

Et2Zn , CH2X2 

( CH2Cl2, 

ClCH2CH2Cl ) 

Best reagents for stereoselective reactions 

and oxygen-directed cyclopropanations. 

When X = Cl, very reactive reagent that 

usually produces higher yields with less 

reactive alkenes. Stoichiometry may be an 

important factor in stereoselective 

reactions; 1:1 stoichiometry is the best 

combination for acid-sensitive substrates 

(minimizes formation of ZnI2). 

EtZnI (prepared in 

Et2O), CH2X2, 

Especially good if the reaction has to be 

done on large scale and the use of Et2Zn 
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( CH2Cl2, 

ClCH2CH2Cl ) 

is to be avoided. 

CF3CO2H / Et2Zn / 

CH2I2( CH2Cl2) 

Very good reagent for the 

cyclopropanation of less reactive alkenes 

(such as styrene or halosubstituted 

alkenes). Very high reactivity, but slightly 

acidic conditions may lead to some 

decomposition with acid-sensitive 

substrates. 

ZnX2, CH2N2 

(Et2O) 

Rarely used 

 
 

 

 

3.1.2. Nature of the Solvent  
The solvent used in zinc-mediated cyclopropanation reactions plays an 

important role in these reactions, owing to the electrophilic nature of the zinc 

carbenoid and the Lewis acidity of the reagent. Dichloromethane and 

1,2-dichloroethane are the solvents of choice since they are non-basic, 

unreactive toward the zinc reagents, and polar enough to solubilize the 

substrates. When basic solvents are used, the rate of cyclopropanation usually 

decreases as the basicity of the solvent increases. (9) 

3.1.3. Aluminum and Samarium Carbenoids  
Carbenoids of aluminum and samarium that display interesting properties 

compared with those of the zinc reagents have been reported. Iodo- or 

chloromethylsamarium iodide in THF (57, 58) is a superb reagent for the 

chemoselective cyclopropanation of allylic alcohols in the presence of other 

alkenes. With this reagent, the cyclopropanation of an isolated olefin is not 

observed. Conversely, dialkyl(iodomethyl)aluminum (59-61) displays 

outstanding chemoselectivity for the cyclopropanation of olefins in the 

presence of allylic alcohols. Each reagent is compared in the cyclopropanation 

of geraniol (Eq. 5). 
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The high chemoselectivity favoring cyclopropanation at the terminal double 

bond obtained with the aluminum reagent is possible only when the reaction is 

run in the presence of an allylic alcohol. For example, treatment of the benzyl 

ether of geraniol with aluminum or zinc reagents results in cyclopropanation at 

the allylic ether position. (62) A similar reaction with thesamarium 

carbenoid(X = I) requires a large excess of the reagent to produce a good yield 

of the desired product (Eq. 5). 

 

Although several trialkylaluminum reagents have been used as the starting 

materials for the aluminum carbenoid, i-Bu3Al and Et3Al are usually used. 

Samarium carbenoid reactions typically require a large excess of reagent in 

order to achieve high conversions, and samarium metal or SmI2 (62a) with 

CH2IX have been used to form the reactive species. When samarium metal is 

used, HgCl2 must be added as an activator, otherwise the reaction is sluggish 

and often fails to initiate. Alternatively, TMSC 1 can also activate samarium, 

and has shown in many examples a beneficial effect on the yields and 

stereoselectivity of the reactions when compared to HgCl2. (63) 

3.1.4. Substituted Carbenoids  
More complex zinc carbenoids can be prepared by reacting diethylzinc or zinc 

metal with more substituted dihaloalkanes. The reactions are generally more 

effective with iodo-substituted alkanes. These more highly substituted 

reagents are effective at generating 1,2,3-substituted cyclopropanes. The 

substituted reagents that have been used to generate highly substituted 

cyclopropane derivatives are shown in Table B.  

  

Table B. Preparation of Substituted Carbenoids  
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Substituted 
Dihalide 

Metal 
Reagent Carbene Unit Reference 

 

MeCHI2 Zn/Cu MeCH (64) 

 EtZnI  (65) 

 Zn/Ag  (66) 

 Et2Zn   (67) 

 Sm  (57) 

 Me3Al  (59) 

 i-Bu3Al  (59) 

MeCHBr2 Zn/Cu MeCH (68) 

TIPSOCH2CH2CHI2 Et2Zn  TIPSOCH2CH2CH (69) 

Me2CBr2 Zn Me2C (70) 

Me2CI2 Et2Zn   (71) 

PhCHCl2 Zn PhCH (70) 

PhCHBr2 Zn  (70) 

PhCHI2 Et2Zn   (67) 

CHI3 Et2Zn  CHI (72) 

CHBr3 Et2Zn  CHBr (73) 

CHCl3 Zn CHCl (70) 

CHBrCl2 Zn CHCl (70) 

CHBr2Cl  Zn CHCl (70) 

CHFI2 Et2Zn  CHF (72) 

CF2 Br2 Zn CF2 (74)  
 

 

 

 

In general, the reagent formation is more effective if a diiodo precursor is used, 

but in some cases dibromides and activated dichlorides have also been 

successfully converted into suitable reagents. Functionalized zinc carbenoids 

have been prepared from diiodoalkanes and diethylzinc and used in 

stereoselective transformations, but their use is limited by the availability of the 

diiodoalkane. (69) Alternatively, reaction of a diazoalkane with ZnI2 (vide supra) 

can offer a valuable alternative to access complex zinc carbenoids (Eq. 6). 

(75) 
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3.1.5. In Situ Formation of the Carbenoid  
Functionalized zinc carbenoids can be prepared from carbonyl compounds by 

an indirect strategy. (76) The direct deoxygenation of a carbonyl compound to 

an organozinc carbenoid can be induced by reaction with zinc and TMSC1 in a 

sequence which parallels the mechanism of the Clemmensen reduction. 

Therefore, the aldehyde or ketone is treated with TMSC1 or 

1,2-bis(chlorodimethylsilyl)ethane, the olefin, and zinc amalgam to produce a 

good endo:exo ratio for the cyclopropanation product. For example, treatment 

of cyclohexene with the carbenoid derived from benzaldehyde proceeds 

satisfactorily (Eq. 7). 

   

 

 (7)   

 

 

 

In addition, although the yields and selectivities are modest, this method is 

quite effective for the production of alkoxy-substituted cyclopropane 

derivatives. Indeed, when trimethyl orthoformate is used as the carbenoid 

precursor under similar reaction conditions, a 64% yield of the desired 

methoxycyclopropane is obtained (Eq. 8). (77) 
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In a similar fashion, amino-substituted cyclopropanes can be generated by the 

intramolecular cyclopropanation of an alkene by conversion of a benzamide to 

a samarium carbenoid. However, this reaction is limited to the intramolecular 

version, and the yields are modest (Eq. 9). (78) 
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The next sections highlight the synthetic scope of reactions involving these 

reagents with a strong focus on stereocontrol. 

3.2. Achiral Alkenes  
The cyclopropanation of simple alkenes has been used for a number of years 

to test and compare the efficiency of new reagents. For example, cyclohexene 

has been treated with a variety of reagents to generate bicyclo[4.1.0]heptane 

to compare the efficiency of the conversions (Table A). The best reagent to 

cyclopropanate unfunctionalized alkenes is Zn(CH2Cl)2 in 1,2-dichloroethane. 

(51) It appears that TFA/ Et2Zn / CH2I2 and R3Al/ CH2I2 are also quite effective 

reagents, but these reactions are not well documented at this time. 

 

The cyclopropanation of enol ethers is usually quite facile (48) (Eqs. 10–11). 

(79, 80) Trimethylsilyloxy-substituted olefins are by far the most widely used in 

this category  
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since the starting material is readily available by enolization of the 

corresponding ketone. (81-84) Problems resulting from the Lewis acid 

sensitivity of the products are sometimes observed, (79) but in general these 

electron-rich olefins react rapidly with the zinc reagents, especially those 

prepared from Et2Zn in noncoordinating solvents. 

 

On the other hand, even if enol esters have rarely been used directly under 

Simmons-Smith conditions, they can be valuable precursors for 

cyclopropanols by allowing generation, then in situ cyclopropanation of the 

parent metalloenolate (85) (Eq. 12). (86) Metalloenolates can also be 

converted to the corresponding hydroxycyclopropanes by the use of samarium 

reagents (Eq. 13). (87, 88) 
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The cyclopropanation of N-substituted alkenes is much more problematic 

since N-alkylation can become an important competing pathway. Conversely, 

introducing an electron-withdrawing protecting group on nitrogen decreases 

the nucleophilicity of the alkene, and lower yields are observed unless highly 

electrophilic reagents are used (Eqs. 14–16). (89-91) 

   

 

 (14)   

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




 

   

 

 (15)   

 

   

 

 (16)   

 

 

 

The cyclopropanation of vinyl halides is also quite effective, and fluoro-, (92) 

bromo- (93) and iodo-substituted (94) cyclopropanes can be prepared using 

zinc carbenoids (Eqs. 17–19). For vinyl iodides and bromides, 

bis(chloromethyl)zinc in 1,2-dichloroethane is a superior reagent. (51) 
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The cyclopropanation of vinylorganometallic and heteroatom-substituted 
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vinylic compounds is also quite efficient with the zinc, samarium, and 

aluminum reagents. For example, vinylboronates, (95) -alanes, (96) -zincs, (97) 

-stannanes, (98) -phosphonates, (99) -germanes, (100) and silanes (101, 102) 

are readily converted into cyclopropane derivatives. 

 

When halo- (103) or alkyl-substituted reagents are used, the endo:exo 

selectivity is usually poor (<2.5:1) (Eqs. 20–21). (59, 71) Sometimes, higher 

diastereoselectivities are observed with the aluminum reagent or with other 

more sterically demanding zinc reagents (Eq. 21). 
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3.3. Polyenes  
When a polyene is treated with a haloalkylzinc reagent, very little 

chemoselectivity is observed when there is no basic group to direct the 

reaction (Eq. 22). (104) The relative rates for the cyclopropanation of various 

alkenes have been measured  
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and the influential factors have been highlighted. A combination of steric and 

electronic effects has been invoked to explain the chemoselectivity using 

iodomethylzinc iodide, but little is known regarding other reagents. (105, 106) 

Because of the electrophilic nature of the reagents, highly substituted double 

bonds generally react faster than less substituted ones. Neither of the reagents 

(aluminum and zinc) is superior to the other. However, a highly chemoselective 

cyclopropanation is observed when one double bond is significantly more 

nucleophilic than the others. For example, excellent chemoselectivity is 

observed when one of the double bonds is an enol ether (Eqs. 23–25) 

(107-109) or a lithium enolate (Eq. 26). (110) 
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Allylic alcohols or isolated olefins can be cyclopropanated with high 
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chemoselectivity in the presence of the other with the appropriate choice of 

reagents and reaction conditions (Eq. 5). This reaction has been applied to 

more complex systems, and the chemoselectivity is usually excellent (Eq. 27). 

(111) It is important to  

   

 

 (27)   

 

point out that the presence of a basic group at the allylic position is mandatory 

to observe any reaction with the samarium reagent. More work is needed to 

determine the ability of the samarium and aluminum reagents to participate in 

directed cyclopropanation reactions. 

3.4. Intramolecular Cyclopropanation  
Examples of intramolecular cyclopropanation of alkenes using zinc, aluminum 

or samarium carbenoids are rare. The most widely found involve preparation of 

the carbenoid from the corresponding carbonyl derivative (Eq. 28). (112) 
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Alternatively, a bromoiodoalkene produces the corresponding bicyclic system 

upon treatment with zinc dust in benzene (Eq. 29). (113) This is one of the few 

known examples of an intramolecular cyclopropanation reaction involving a 

dihaloalkene. 
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3.5. Cyclic Chiral Alkenes  
Cyclic alkenes that bear basic functional groups which can give rise to 

precoordination to the electrophilic zinc reagent are readily converted into 

cyclopropanes. For example, it was observed early on that proximal hydroxy 

groups could direct the delivery of the methylene group. (7) Subsequent, 

simple cycloalkenols have served as model substrates for kinetic studies. 

Transition state models have recently been proposed for these directed 

processes. (8) The cyclopropanation of five-, six-, and seven-membered ring 

1-cycloalken-3-ols generally produces high syn:anti ratios with both zinc and 

samarium reagents (Eq. 30). (57, 114) 
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A reversal of selectivity is observed with the analogous eight- or 

nine-membered rings (Eq. 31). (58, 115) This can be explained by simple 

conformational analysis of the ground state structures. 2-Cycloocten-1-ol 

prefers to adopt a chair-boat  
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conformation in which the bulky hydroxy group has the equatorial orientation. 

This reversal of stereochemical outcome is also observed in the directed 

epoxidation of 2-cycloocten-1-ol. (116) 

 

One example of cyclopropanation of a macrocyclic alkenol indicates that 

outstanding levels of diastereoselectivity can also be obtained with this class of 

substrates. This reaction has been used in an elegant synthesis of 

(R)-muscone (Eq. 32). (117) This complete diastereocontrol is best explained 
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by the minimization of the A (1, 3) strain and is similar to that proposed for 

stereoselection in similar reactions of acyclic chiral allylic alcohols (vide infra). 
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Additional examples of stereocontrol in the cyclopropanation of functionalized 

cycloalkenol derivatives are presented in Tables VII and IX. This collection 

highlights the compatibility of a variety of functional groups under the 

cyclopropanation conditions, especially when an alcohol or a basic group is 

present to direct the reaction. Furthermore, the reaction usually proceeds quite 

well even when delivery occurs on the more sterically hindered face of the 

double bond (Eq. 33). (118)  
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Strong directing effects are also observed when more highly substituted 

reagents are used. However, although the exo:endo selectivity is modest, the 

samarium reagent is slightly superior (Eq. 34). (57, 119, 120) 
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Even though the hydroxy group has been used extensively as a directing 

group for the cyclopropanation of alkenes, other basic groups are also 
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effective with zinc reagents (Table VII). Benzyl ethers, (51) methyl ethers, (114) 

and acetates (121) are able to direct the zinc reagent to various degrees (Eq. 

35). An interesting example  

   

 

 (35)   

 

involves competition between an acetamide and a hydroxy group (Eq. 36), 

(122) in which the acetamide is a better directing group than the zinc alkoxide, 

but the selectivity is reversed upon benzoylation of the amide. Similarly, 

trifluoroacetamides are also able to direct the cyclopropanation reaction (Eq. 

37). (123) 
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Esters can also be good directing groups, producing modest syn selectivities, 

but the sense of induction seems to be substrate- or reagent-dependent (Eqs. 

38–39). (124, 125) In some cases, TBDMS ethers appear to direct the reaction 

(Eq. 40), (126)  
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but in other cases the double bond does not react, probably because of steric 

hindrance by the protecting group. (127) When acetate groups are used (Eqs. 

35, 41 and 42), (121, 128, 128a) reports indicate that their directing ability is 

highly substrate-,  
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solvent- and/or reagent-dependent. Allylic acetates appear to lose their 

directing ability when a slightly complexing solvent (diethyl ether) is used. It 

appears that use of the Furukawa reagent in a noncomplexing solvent ensures 

good syn selectivity. The synthesis of cyclopropanated sugars, involving a 

directed cyclopropanation of glucal derivatives, is a good example of a 

substrate for which the directing ability of various groups has been cleverly 

used to control the cyclopropanation reaction. 

 

There are no systematic studies on the relative directing ability of oxygenated 
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groups with various reagents and reaction conditions. However, the results of 

cyclopropanation of monoprotected trans-2-cyclohexene-1,4-diol as a function 

of reaction conditions and reagents are quite surprising (Eq. 43). (9) The 

directing  

   

 

 (43)   

 

ability of oxygenated groups is highly dependent upon the reaction conditions. 

For example, a benzyl ether is a superior directing group when the reaction is 

run at high concentrations with excess EtZnCH2I in a noncoordinating solvent. 

Conversely, the directing ability of the zinc alkoxide takes over if only one 

equivalent of the reagent is used. 

 

In the synthesis of enantiomerically pure cyclopropyl ketones, the directing 

effect of β -hydroxysulfoximines derived from cyclic enones leads to the 

cyclopropane syn to the hydroxy group (Eq. 44). (129) Basic cleavage of the 

sulfoximine generates the cyclopropyl ketone. This is one of the first examples 

in which two relatively basic functionalites (hydroxy and sulfoximino) compete 

for the group-assisted methylene delivery. 
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In the absence of a directing group, the cyclopropanation of cyclic olefins is 

generally controlled by steric effects. The level of stereochemical induction is 

usually high, and the sense can be predicted on the basis of the prevailing 

ground state conformation of the starting olefin. For example, stereoselective 

cyclopropanation is directed to the more accessible β face to produce a key 

intermediate in the synthesis of (+)-acetoxycrenulide (Eq. 45). (130) 
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The stereo- and regioselective cyclopropanation of a diene is a key step in 

introducing a hydroxymethyl group at C(17) in the total synthesis of β -amyrin. 

(131) The resulting vinylcyclopropyl unit was opened under free radical 

conditions to yield the C(17) hydroxymethyl substituent. The selective 

cyclopropanation of the 16,17-double bond is striking since in an analogous 

reaction, the dibromocarbene adds exclusively to the 12,13-double bond (Eq. 

46). 
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Cyclopropanation of unsaturated medium ring size compounds and macrolides 

can be quite diastereoselective. For example, a cyclic bis(trimethylsilyl)enol 

ether can be efficiently cyclopropanated with excellent stereocontrol using 

Furukawa's reagent (Eq. 47). (130) The cyclopropanation produces the 

syn-dicyclopropane in a high diastereomeric ratio (>15:1). 
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Steric factors can and sometimes do override the directing effect of functional 

groups. For example, cyclopropanation of the cyclic enol ether leads to only 

one isomer in which the cyclopropanation occurs anti to the ester and to the 

ketone (Eq. 48). (133) 
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In the course of the enantioselective synthesis of (–)-pinidine, a highly 

diastereoselective cyclopropanation reaction of a silyl enol ether with the 

reagent derived from 1,1-diiodoethane and diethylzinc was reported (Eq. 49). 

(134) The level of induction in that reaction is highly dependent on the nature 

of the nitrogen protecting group. 
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3.6. Acyclic Chiral Alkenes  
3.6.1. Allylic and Homoallylic Alcohols  
Despite the remarkable success in controlling the relative configuration of 

cyclopropanation products in cyclic systems, the stereocontrol on acyclic 
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systems has been recognized only recently. The stereoselective 

cyclopropanation of a chiral acyclic allylic alcohol was first studied using the 

Simmons-Smith reagent (Zn/Cu, CH2I2). (135) High syn-selectivities (>200:1) 

are obtained with Z disubstituted double bonds (Eq. 50), but the analogous 

reaction on E disubstituted double bonds gives modest ratios (<2:1) (Eq. 51). 

However, the nature of the zinc carbenoid and solvent used in these reactions 

is extremely important for obtaining high diastereoselectivities, especially with 

E disubstituted olefins. (136, 136a) The importance of the reaction conditions 

and  
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the nature of the reagent are highlighted by the cyclopropanation of 

(E)-3-penten-2-ol (Eq. 51). The classical Simmons-Smith conditions ( IZnCH2I 

from Zn/Cu, CH2I2) or Zn(CH2I)2 generally give low diastereomeric ratios. 

Conversely, the use of an excess (5 equivalents) of Furukawa's reagent 

( EtZnCH2I prepared from a 1:1 mixture of Et2Zn and CH2I2) in CH2Cl2 

produces the highest selectivities to date with this substrate. The choice of 

solvent in these processes is important for optimizing the diastereoselectivities. 

For example, the ratio drops from 7:1 to 4.7:1 if diethyl ether is used as the 

solvent with Furukawa's reagent. Interestingly, the samarium-derived reagent 

leads to the formation of the anti isomer as the major product with this 

substrate. It is clear from the data presented in Table VIII that EtZnCH2I is the 

most general reagent for access to the syn isomer with E-disubstituted olefins. 

Furthermore, the level of syn selectivity increases significantly with this 

reagent when the substituents are bulkier, indicating the importance of the A (1, 

3) strain in these reactions (Eq. 52). (136) 
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The samarium reagent is also quite effective, but the selectivities are highly 

substrate dependent (Eq. 53). (57, 58, 137) It is clear that stereoelectronic 

effects play an important role since substitution of a methyl group by a 

trifluoromethyl group has a spectacular impact on the level of selectivity. The 

increase in selectivity has  
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been attributed to the formation of a tighter complex between the substrate 

and the reagent. Alternatively, this might be due to the influence of the R2 

group on A (1, 2)/A (1, 3) strain and hyperconjugative effects. (138) This 

reaction can been extended to silyl- and stannyl-substituted alkenes. (139, 140) 

 

In the cyclopropanation of Z-disubstituted and trisubstituted double bonds, 

uniformly high syn selectivities are obtained with various reagents. The 

stereochemical outcome of these reactions can be predicted qualitatively by 

assuming an oxygen group-assisted delivery of the reagent from a 

conformation in which the minimization of A (1, 3) strain is the predominant 

controlling element. (141) However, it is clear that other important factors 

should be taken into account in order to explain the level of induction. 

 

The cyclopropanation of α -allenic alcohols using Sm/ CH2I2 provides a variety 

of methylene- and alkylidenecyclopropane carbinols in good yield and with 

high regioselectivities. (142) The syn:anti diastereoselectivities vary from 1:2.1 

to 50:1 depending upon the substituents on the carbinol side chain and on the 
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substitution of the allene (Eq. 54). The “Houk outside model” (143, 144) has 

been used to explain  
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the sense and level of the diastereoselection in the samarium-carbenoid 

reactions. Use of the samarium reagent is essential to maximize the 

regioselectivity of this process and to avoid the formation of spiropentane 

carbinols. Both aluminum and zinc carbenoids are known to form mixtures of 

methylenecyclopropanes and spiropentanes (see Table X). 

 

The diastereoselective cyclopropanation of homoallylic alcohols has been 

used with moderate success. For example, the cyclopropanation of 

(Z)-5-hydroxy-2-alkenylsilanes occurs with high levels of stereochemical 

induction (Eq. 55). (145) This is one of the few acyclic homoallylic alcohols in 

which the cyclopropanation occurs with good stereocontrol. 
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3.6.2. Allylic Ethers  
The diastereoselective cyclopropanation of allylic ethers using Furukawa's 

reagent has been systematically investigated (Eq. 56). (136, 145a) Both the 

bulk of the substituents and the nature of the protecting group are key 

elements for obtaining high selectivities and for determining the sense of 

induction. Two trends have been identified. First, the sense of induction 

reverses from  
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anti to syn as the steric bulk of the substituent on the carbinol side chain 

increases. This first trend, although not as important, is also seen with allylic 

alcohols. Secondly, increasing the steric bulk of the protecting group 

decreases the syn selectivity. These data clearly show that the involvement of 

simple A (1, 2)/ A (1, 3) strain arguments is not sufficient to explain the 

diastereoselection in these reactions, and that binding of the reagent to the 

ether oxygen must also be taken into consideration. 

 

The diastereoselective cyclopropanation of (E)- and (Z)-allylic alcohols derived 

from 2,3-O-isopropylideneglyceraldehyde has been the subject of several 

investigations since the products are precursors to cyclopropyl carbocyclic 

nucleosides, which are potential chemotherapeutic agents (Eqs. 57–58). (146, 

147) With both isomers, the use of a noncomplexing protecting group (TBDPS) 

is important for obtaining high yields and levels of stereocontrol. 
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A related transformation was used in the total synthesis of 

(+)-bicyclohumulenone. Cyclopropanation of the methallyl alcohol derivative 

proceeded with the opposite diastereofacial selectivity (Eq. 59). (148) The 

divergence of the stereochemical  
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pathways may be a consequence of the difference in solvent (ether vs CH2Cl2), 

reagent ( IZnCH2I vs EtZnCH2I ), protecting group (PMB vs TBDPS), or the 

influence of additional A (1, 2) strain imparted by the additional methyl group. 

This reaction has been used quite extensively in approaches to produce 

bis(cyclopropane) derivatives in which the diol obtained after deprotection can 

be oxidatively cleaved (Eqs. 60–61). (149, 150) 
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3.6.3. Allylic Amines  
Cyclopropanation of a chiral protected allylic amine produces the anti isomer 

with low selectivity (Eq. 62). (151) The analogous dibromocyclopropanation of 

tert-butyl 2,2-dimethyl-4-(2¢-phenylvinyl)-3-oxazolidinecarboxylate  
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affords slightly better diastereomeric ratios of dibromocyclopropanes (Eq. 63). 

(151) In both cases, unassisted delivery of the carbenoid from the least 

hindered face of the olefin in its most stable ground state conformation can be 

invoked to predict the stereochemical outcome of the reaction. 
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3.6.4. Acyclic Chiral Alkenes Without a Directing Group on the 
Stereogenic Center  
The cyclopropanation reactions of chiral acyclic alkenes without a directing 

group on the stereogenic center at the allylic position rarely display a 

reasonable level of diastereoselection. However, in successful examples one 

of the allylic substituents is significantly larger than the others (such as a silyl 

group) (Eqs. 64–66). (152-154) The stereochemical outcome of these 

reactions is a consequence  
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of cyclopropanation on the conformer that minimizes A (1, 3) strain. The 

cyclopropanation of an E-vinylcyclopropane proceeds with high induction (Eq. 

67). This may be due to the fact that there is a strong conformational 

preference minimizing A (1, 3) strain in the ground state. (155) 
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3.7. Cleavable Chiral Auxiliaries  
A number of auxiliary-based approaches have been developed for the 

cyclopropanation of olefins, and many of them offer the advantage of 

producing enantiomerically pure cyclopropyl derivatives after cleavage of the 

auxiliary. The different chiral auxiliaries that have been developed for the 

reaction with various halomethylmetal reagents are encompassed into various 

general classes: chiral allylic ethers (4), acetals (5), α , β -unsaturated 

acylmetals (6), enamines, enol ethers and boronates (7). 

3.7.1. Chiral Allylic Alcohols and Ethers  
The chiral auxiliaries in each class are shown in Tables XI and XII. As 

discussed earlier, the β -hydroxysulfoximine moiety derived from enones can 
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act as a chiral auxilliary. Cyclopropanation occurs syn to the hydroxy group 

(Eq. 44). (131) Basic cleavage of the sulfoximine  

   

 

generates the enantiomerically pure cyclopropyl ketone. The drawback of this 

approach is that a mixture of separable diastereomers is produced by the 

nonstereoselective addition of enantiopure 

N-methylphenylsulfonimidoylmethyllithium to the enone. 

 

Alternatively, carbohydrate-derived chiral auxiliaries (156) have produced 

extremely high diastereoselectivities in the cyclopropanation of acyclic allylic 

double bonds (Eq. 68). It is believed that the glucosidic template acts as a 

bidentate  

   

 

ligand to complex to the zinc reagent since the presence of a free hydroxy 

group (which will form the zinc alkoxide) is mandatory for high 

diastereoselection. (157, 158) This postulate has given rise to the more simple 

auxiliary derived from cyclohexanediol (Eq. 69). (159) Cleavage of the chiral 

auxiliary is then accomplished  
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by a ring contraction reaction (glucose-derived auxiliary) (159a) or by a 

three-step sequence involving conversion of the alcohol into an iodide and 

reductive elimination of the cyclopropylmethanol moiety upon treatment with 

BuLi. (159) The diastereoselectivities obtained with the 

tri-O-benzylglucopyranoside are high for most substituted allylic alcohols, but 

sometimes a large excess of the zinc reagent is required. 
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3.7.2. Chiral Acetals  
A number of C2-symmetric acetals have been developed for this reaction. The 

most efficient auxiliaries are based on tartaric acid or threitol derivatives. 

Diisopropyl tartrate is particularly effective with E disubstituted and 

trisubstituted acyclic substrates (Eq. 70). (160, 161) This auxiliary has been 

applied to the synthesis of bis(cyclopropane) derivatives. The 

diastereoselective cyclopropanation of the diene produces the desired 

compound with an excellent level of stereocontrol (Eq. 71). (162) 
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On the other hand, di-O-benzylthreitol undergoes efficient and 

diastereoselective cyclopropanation with cyclic substrates (Eq. 72). (163, 164) 

This auxiliary can be used effectively on 5- to 16-membered cyclic enones. 

(165) Both auxiliaries are readily  
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cleaved under acidic conditions to produce the corresponding cyclopropyl 

ketone or aldehyde. In the case of cyclic enones, studies support a 

mechanistic model that involves preferential coordination of the reagent to the 

least sterically hindered dioxolane oxygen lone pair proximal to the alkene. 

The auxiliary derived from dihydrobenzoin is even superior to the 

tartrate-derived counterpart with cyclic enones (166) but attempts to use it with 

acyclic systems do not produce high ratios. (167) The sense of induction is 

consistent with the fact that bidentate chelation by the chiral auxiliary is not 

favored in this case since the reaction is done in a complexing solvent (ether). 

Quite interestingly, the sense of induction in the dioxolane acyclic system is 

opposite to that found in the cyclic system. This can be accounted for by 

assuming that the chiral auxiliary acts as a bidentate ligand under the 

conditions used [ Zn(CH2I)2, hexane]. Replacement of the benzyl ethers of the 

threitol auxiliary by bulkier groups that further preclude any undesirable 

complexation of the reagent by the ether oxygens leads to better 

enantioselectivities, but this method is not as practical (Eq. 73). (168) 

 

Other chiral auxiliaries in this class include derivatives of from 

1-aryl-2,2-dimethyl-1,3-propanediols (169) and D-fructose, (170) but their 

installation leads to  
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diastereomers that need to be separated, and the selectivities observed are 

lower than those presented above. Recently, another promising template was 

disclosed. Indeed, cyclopropanation of theacetalderived from phenyl 

2,3-dihydroxybornane-10-sulfonate occurs with outstanding diastereocontrol 

(Eq. 74). (171) 
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3.7.3.  α , β -Unsaturated Acylmetals  
The use of chiral α , β -unsaturated esters, amides, or other derivatives is not 

very common since the electrophilic nature of these reagents often inhibits the 

cyclopropanation reaction. The asymmetric synthesis of Z, E disubstituted and 

trisubstituted cyclopropanecarboxylic acid derivatives was achieved by a 

stereoselective electrophilic methylene transfer to α, β -unsaturated acyl 

ligands bound to an iron chiral auxiliary (Eq. 75). (172) It was  
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proposed that the double bond adopts a conformation approximately 

orthogonal to the acyl group, thus increasing its nucleophilicity. The 

aluminum-derived reagent is superior with this auxiliary. 

 

The exo- and endo-3-amino-2-hydroxybornane auxiliaries are also effective, 

but only when the hydroxy group is protected as a triisopropylsilyl ether (Eq. 

76). (173) Furthermore, the addition of L-(+)-diethyl tartrate is necessary to 

increase the yield of the cyclopropane product. Unfortunately, only one 

example (cinnamic acid) is reported. 
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3.7.4. Chiral Enol Ethers, Vinylboronates, and Enamines  
Enantiomerically enriched cyclopropyl alcohols and amines can also be 

prepared with the help of several chiral auxiliaries. The nucleophilic enol ethers 
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derived from ketones react smoothly with bis(iodomethyl)zinc to produce 

cyclopropyl ethers with outstanding diastereoselectivities (Eq. 77). (174) The 

auxiliary is introduced by treating the  
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corresponding acetal with triisobutylaluminum. The destructive cleavage of the 

auxiliary produces cyclopropanol derivatives (1. PCC; 2. K2CO3). (175, 176) 

This reaction has been extended to both cyclic and acyclic ketones but is 

limited to symmetrical ketones or those that can be regioselectively enolized. 

(177) 

 

1-Alkenylboronic esters bearing the tetramethyltartramide group undergo 

highly diastereoselective cyclopropanation to produce 2-substituted 

cyclopropanols after oxidation ( H2O2, KHCO3) (Eq. 78). (178) The reaction 

product can also be used for in situ Suzuki coupling to produce 

enantiomerically enriched disubstituted cyclopropanes. (179) 
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Very little work has been reported on the use of more complex diiodoalkanes 

as precursors for more substituted haloalkylzinc reagents. In the approach 

shown, the chiral auxiliary is relatively effective for producing one major 

diastereomer in the ethylidenation reaction (Eq. 79). (180) Conversely, the 

diastereoselective cyclopropanation  
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of a chiral 3-vinyl-2-oxazolidinone with a zinc monofluorocarbenoid produces 

the corresponding 2-fluorocyclopropylamine with modest selectivity (Eq. 80). 

(181) 
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3.8. Stoichiometric Quantities of Chiral Additives  
The first attempts to control absolute configuration in the cyclopropanation of 

substrates by adding external chiral ligands were reported in 1968. It was 

found that very low yields (£15%) and enantiomeric excesses (£3.4%) were 

obtained if a mixture of (–)-menthol and IZnCH2I was added to α , β 

-unsaturated esters. (54, 121) Later, very low enantioselectivities were 

observed when L-leucine was employed as an additive in the cyclopropanation 

of vinyl ethers. (67) Modest enantioselectivities are observed in the 

enantioselective cyclopropanation of cinnamyl alcohol using a 

(1R,2S)-N-methylephedrine-modified halomethylzinc reagent. (182) 

 

The first report on enantioselective cyclopropanation of allylic alcohols that 

described moderate levels of enantioselection (70-81% ee) involved the 

addition of a stoichiometric amount of diethyl tartrate to a mixture of the allylic 

alcohol, diethylzinc, and diiodomethane (Eq. 81). (183) Slightly higher 

selectivities were obtained in the cyclopropanation of silicon-substituted allylic 

alcohols (Eq. 82). (184) 
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One of the most effective additives currently available is a dioxaborolane (Eq. 

83). This agent is readily prepared from the commercially available  
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N,N,N¢,N¢-tetramethyltartaric acid diamide and butylboronic acid and is an 

efficient chiral controller for the cyclopropanation reaction (Eq. 83). (185-187) 

 

The corresponding substituted cyclopropylmethanols of a variety of allylic 

alcohols are produced with excellent enantioselectivities (90–93% ee) when a 

mixture of the alcohol and the dioxaborolane ligand is added to the preformed 

halomethylzinc reagent. This method has since been extended to the 

enantioselective cyclopropanation of 3-tributylstannyl-2-propen-1-ol, (188) 

3-iodo-2-propen-1-ol and polyenes. (189) 
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The enantioselective cyclopropanation reaction using the 

dioxaborolane-derived ligand is quite general and practical. (190) Accordingly, 

it has been used to elaborate the chiral cyclopropane subunits of Curacin A, 

(191) and bidirectional strategies have been employed for the synthesis of the 

structurally fascinating FR-900848 (192) and U-106305 (examples found in 

Table XIII). (193–194) 

 

The chiral dioxaborolane can also be used to generate functionalized 

1,2,3-substituted cyclopropanes by using appropriately functionalized 

1,1-diiodoalkanes as precursors (Eqs. 84-85). (69) However, this methodology 

is limited since there are very few methods for generating this class of 

dihaloalkanes. (193, 194) 

   

 

 (84)   
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Recently, the chiral dioxaborolane was applied to the cyclopropanation of 

chiral nonracemic (E)-allylic alcohols to provide a new access to 

anti-cyclopropylmethanol derivatives (Eq. 86). (197) This new approach is 

complementary to the directed cyclopropanation using EtZnCH2I , which 

affords predominantly the syn product (for example, see Eq. 52). 
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Finally, N,N,N′,N′-tetraethyl-1,1′-bi-2-naphthol-3,3¢-dicarboxamide, a ligand 

prepared in 4 steps from binaphthol, can be used for the enantioselective 

cyclopropanation of allylic alcohols (Eq. 87). (198, 199) The scope of the 

reaction seems  

   

 

 (87)   

 

somewhat limited since only (E)-substituted allylic alcohols can be converted 

into the corresponding cyclopropanes with reasonably good yields and 

enantioselectivities. Furthermore, a significantly large excess of diethylzinc is 

also required (ee and yield drop dramatically if less than 6 equivalents of 

diethylzinc are used). 

3.9. Chiral Catalysts  
The notion that Lewis acids can accelerate the cyclopropanation of olefins 

using haloalkylmetal reagents has been contemplated for several decades. (56) 

Unfortunately, the electrophilic nature of the reagents precludes the use of 

highly basic chiral ligands that could coordinate to the metal center in a 

reversible fashion to produce significant rate accelerations to overcome the 

uncatalyzed, racemic pathway. Although the mechanism for rate acceleration 

by the addition of chiral catalysts is not well understood, two notable and quite 

effective substoichiometric systems are available for the cyclopropanation of 

allylic alcohols. 

 

The Simmons-Smith cyclopropanation reaction is significantly accelerated by 

the addition of 0.1 equivalent of a C2-symmetric chiral disulfonamide ligand (Eq. 

88). (200, 201) 
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Numerous disulfonamides have been tested (202) and the 

bis(methanesulfonamide) of trans-cyclohexanediamine gives consistently high 

enantioselectivities with cis- and trans-allylic alcohols and some trisubstituted 

allylic alcohols (Eq. 89, Table XIV).  

   

 

 (89)   

 

The enantioselective cyclopropanation of tetrasubstituted olefins was 

attempted but lower ees are generally observed. In addition, reactions 

involving more substituted reagents need further development (Eq. 90). (202a) 

This method has  

   

 

 (90)   

 

also been extended to the enantioselective cyclopropanation of vinylsilanes 

and -stannanes. (203) Slightly lower enantioselectivities are obtained if the 

zinc salt is replaced by an aluminum salt; (204) the titanium analog is 

ineffective. 
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The rate and selectivity of the catalytic enantioselective cyclopropanation of 

cinnamyl alcohol utilizing bis(iodomethyl)zinc and the bis(sulfonamide) catalyst 

are greatly dependent on the order of addition of the reagents. (20, 205) The 

independent preformation of the ethylzinc alkoxide and bis(iodomethyl)zinc is 

crucial. The reaction displays autocatalytic behavior, which is shown to be due 

to the generation of zinc iodide. In addition, an in-depth solution study of a 

chiral zinc-sulfonamide complex relevant to the enantioselective 

cyclopropanation has been reported as well as an X-ray crystal structure of a 

catalytically active species. (206) 

 

An alternative method for the Lewis acid-catalyzed cyclopropanation reaction 

of allylic alcohols, in which the uncatalyzed process is minimized, has been 

reported. (31) The addition of Zn(CH2I)2 (1 equivalent) to an allylic alcohol (1 

equivalent) produces the iodomethylzinc alkoxide. Methylene transfer from 

these less reactive species is triggered by the addition of a Lewis acid in 

catalytic amounts. Several achiral Lewis acids are effective in inducing the 

cyclopropanation. Conversely, the use of a chiral Lewis acid [derived from 

TADDOL (207) and Ti(OPr–i)4] produces the corresponding cyclopropane 

derived from aryl-substituted allylic alcohols in up to 90% ee. (31) Although this 

system is effective with aryl-substituted allylic alcohols, the cyclopropanation of 

alkyl-substituted allylic alcohols still needs to be improved. The disulfonamide 

system is superior with some of these allylic alcohols (Eq. 91). (31) 

   

 

 (91)   

 

 

 

It is apparent that significant progress has been made toward the development 

of an efficient catalytic, asymmetric cyclopropanation using zinc-derived 

reagents, but there is still room for improvement. More specifically, the design 

of better catalysts to increase the scope of the reaction and to improve the 

enantioselectivities are among the top priorities in this area of research. 
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Furthermore, simplification of the reaction protocol would contribute greatly to 

making this approach an attractive alternative for synthetic chemists seeking 

asymmetric catalytic cyclopropanation methods. 

3.10. Functional Group Compatibility and Side Reactions  
One of the principal assets of the haloalkylzinc-mediated cyclopropanation of 

alkenes is its compatibility with a wide range of functional groups. Tables I-XVI 

indicate that a large number of functional groups are compatible with these 

reagents (alkynes, silanes, stannanes, germanes, alcohols, ethers, sulfonate 

esters, aldehydes, ketones, carboxylic acids and derivatives, carbonates, 

carbamates, imidates, oxime ethers, boronates, phosphonates, sulfones, 

sulfonates, sulfonylimines, and sulfoximines). In addition, in certain cases 

experimental conditions can be modified to minimize byproduct formation. 

Among the possible side reactions of the zinc carbenoids, the reduction or 

protonolysis of vinylic stannane groups or C-halogen (when Zn metal is used) 

is most often observed. This side reaction with tin can be minimized by adding 

diisopropylethylamine (Eq. 92). (208)  
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Sometimes problems can occur with acid-sensitive substrates since ZnI2 is 

formed as a byproduct. To minimize these side reactions, it is usually better to 

use the Et2Zn / CH2I2 combination with excess Et2Zn to scavenge ZnI2 since 

these species will equilibrate to form the less acidic EtZnI. Alternatively, to 

avoid side reactions with acid-sensitive substrates, it is sometimes important to 

quench the reaction with pyridine to scavenge ZnI2 and excess reagent. (39) 

 

The methylation of heteroatoms and ylide formation are two of the most 

important side reactions of these zinc reagents, both deriving from their 

electrophilic nature. When a large excess of reagent is used for long reaction 

times, methylation of alcohols is almost always observed, (209) especially with 

bis(chloromethyl)zinc. In some cases, amines, thioethers and phosphines 

react readily with zinc reagents to generate ammonium salts, (210) and 

sulfonium (211) and phosphonium ylides. (212) Terminal alkynes generally 

lead to a large number of byproducts. (213) 

 

The functional group compatibility of the analogous aluminum and samarium 

reagents is not well documented, but it is expected to be similar to that of the 

zinc reagents. However, it is known that samarium carbenoids can undergo 

1,2-addition or dimerization (Eq. 93). (87, 110) 
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4. Comparison with Other Methods 

 

The fascination of organic chemists for the smallest and highly strained 

cycloalkanes has resulted in the development of numerous methodologies for 

their synthesis. (214) Most of the early efforts provided access to cyclopropane 

derivatives in racemic forms, whereas recent synthetic strategies have focused 

on their enantioselective synthesis. (215-221) The most important 

enantioselective cyclopropanation methods are briefly described below and 

their scope is compared with that of the Simmons-Smith cyclopropanation. 

4.1. Dihalocarbenes  
Dihalocarbenes are the electrophilic reagents of choice for reaction with 

electron-rich alkenes to generate dihalocyclopropanes (Eq. 94). (222) These 

reagents are most conveniently prepared by basic treatment of a 

trihalomethane, by BuLi  

   

 

 (94)   

 

treatment of a tetrahalomethane, or by thermal decomposition of trihaloacetate 

derivatives. (223) In contrast, the analogous trihalomethylzinc reagents are 

much more difficult to prepare since the insertion of zinc into a 

tetrahalomethane (or the alkyl group exchange with Et2Zn ) is not a facile 

process. Furthermore, the trihalomethylzinc reagents usually produce very low 

yields of the corresponding cyclopropanes (see Table XV for specific 

examples). The dihalocarbenes have been used in some diastereoselective 

processes, and they have supplanted the related trihalomethylzinc reagents. In 

some examples, the diastereoselectivities observed with these reagents have 

been comparable to those observed with the zinc reagents (see for example 

Eq. 63), but they have not been widely used to generate enantiomerically 

enriched derivatives. 

4.2. Transition-Metal-Catalyzed Diazoalkane Decomposition  
The cyclopropanation of alkenes using the transition metal-catalyzed 

decomposition of α -diazocarbonyl compounds, vinyl or aryldiazoesters is one 

of the best methods available for accessing specific classes of 

enantiomerically enriched cyclopropane derivatives (Figure 1, R1 = H, PhCH 

＝ CH, Ar). (224–225a) Conceptually, the stereoselective carbon-carbon bond 

construction involved in these reactions is quite different and complementary 
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to that involving the Simmons-Smith reagents (Figure 1, path A vs B, vide 

infra).  
Fig. 1.  

 
 

 

Copper catalysts are among the most effective for the intermolecular 

cyclopropanation reactions involving unsubstituted diazoester derivatives (Fig. 

1, R1 = H) (Eqs. 95–96). (226-228) Conversely, chiral rhodium complexes are 

superior  
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catalysts with substituted diazoesters (Fig. 1, R1 = PhCH ＝ CH or Ar), but 

these carbenoids react only with mono- or 1,1-disubstituted olefins. (229) The 

intermolecular version of the reaction is quite practical with a certain number of 

terminal, monosubstituted alkenes and with other simple and readily available 

alkenes. The chemoselective cyclopropanation of dienes is usually more 

effective using the copper-catalyzed process since monosubstituted alkenes 

react much faster than more substituted ones. (230) 

 

The main advantage of this reaction when compared to the Simmons-Smith 

reaction is that it involves a truly catalytic process (1 mol%). The main 

drawback of the intermolecular transition metal-catalyzed diazoester 

decomposition reaction is that it is usually limited to simple alkenes, since an 

excess (5–10 equivalents) of the olefin is often mandatory to obtain high yields. 

For this reason, the yields are usually reported relative to the starting 

diazoester reagent. Moreover, its scope is limited by the possibility of 

generating diastereomers in addition to enantiomers with substituted alkenes. 

Efficient access to simple cis-disubstituted cyclopropanes is not possible in the 

intermolecular version of this reaction, and the Simmons-Smith reaction is 

much superior for generating the cis-disubstituted cyclopropanes. For example, 

chiral rhodium complexes give at best ~2:1 cis-trans ratio, and the 

enantioselection is generally low (<80%), except for some examples also using 

a chiral diazoester. (231-233) 

 

In addition, little success has been achieved with diazomethane as the 

carbenoid precursor (Figure 1, path C, vide supra). (234) The racemic process 

proceeds well with palladium acetate as the catalyst as long as an 

electron-deficient olefin is used. However, enantiocontrol is possible only in 

one system (235, 236) so far involving a copper catalyst (Eq. 97). (237) The 

Simmons-Smith processes are by far superior for generating stereodefined 

1,2-disubstituted cyclopropanes. 
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On the other hand, the intramolecular version of the reaction between 

diazocarbonyl derivatives and alkenes using chiral dirhodium(II) carboxylate 

catalysts provides a powerful access to functionalized cis-substituted 

cyclopropanes in good yields, with excellent enantio- and diastereoselectivities 

(Eq. 98). (238, 239) However, the need for a tethered reagent puts an inherent 

limitation on the structural features of the compounds that can be prepared 

with this reaction. The parent asymmetric intramolecular Simmons-Smith 

process has not been reported to  
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date and therefore this approach is one of the best available for generating 

enantioenriched 1,2,3-trisubstituted cyclopropanes. 

4.3. Michael-Initiated Ring Closure  
Cyclopropanations that involve conjugate addition to an electrophilic alkene to 

produce an enolate that subsequently undergoes an intramolecular ring 

closure are defined as Michael-Initiated Ring Closure (MIRC) reactions. 

Although there are exceptions, cyclopropanations via the MIRC reaction of 

acyclic olefins are usually nonstereospecific, and both (E)- and (Z)-olefins give 

the trans-cyclopropanes (Eqs. 99–100). (240, 241) For the synthesis of 

1,2-disubstituted cyclopropanes, the MIRC process is not as powerful as the 

Simmons-Smith  
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reaction. However, this reaction does provide access to stereodefined 

1,2,3-trisubstituted cyclopropanes, which are otherwise difficult or impossible 

to synthesize using either the Simmons-Smith reaction or the transition 

metal-catalyzed decomposition of diazoesters. Cyclopropanations using the 

MIRC reaction on cyclic systems can be stereospecific, and one notable 

example is shown in Eq. 101. (242) Enantioselective versions involving 

catalytic amounts of sulfur ylides  
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are available but the reaction is limited to aryl-substituted cyclopropanes (Eq. 

102). (243, 244) 
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Another powerful, auxiliary-based approach to 1,2,3-trisubstituted 

cyclopropanes involves the highly stereocontrolled conjugate 1,4-addition of 

the anion derived from a trans-chloroallylphosphonamide to conjugated 

compounds (Eq. 103). (245, 246) Subsequent intramolecular attack of the 

enolate upon the intermediate  
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allylic chloride provides the corresponding endo,endo-cyclopropanes with both 

excellent yield and diastereoselectivity. Alternatively, 

cis-chloroallyl-phosphonamide reagents under the same conditions give the 

exo,endo-product. 

 

In conclusion, one the most appealing aspects of the MIRC reactions 

compared to those of the Simmons-Smith reaction and of diazocarbonyl 

cyclopropanations is that it provides access to 1,2,3-trisubstituted 

cyclopropanes bearing substituents with an unique configuration, and is often 

complementary to the other cyclopropanation methods. For the synthesis of 

1,2-disubstituted cyclopropanes, the Simmons-Smith reaction is in most cases 

a more effective method. 

4.4. Intramolecular Cyclization  
The enantioselective synthesis of cyclopropane rings by intramolecular 

cyclization has gained much popularity since methods for the preparation of 
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the enantioenriched precursors have become available. Two notable 

examples are the generation of cyclopropanes from epoxy alcohols prepared 

by asymmetric epoxidation (247) (Eq. 104) (248) and their formation from diols 

obtained by asymmetric dihydroxylation (249) (Eq. 105). (250) These methods 

are appealing since they use two  
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efficient catalytic asymmetric processes. However, the cyclopropane product 

is necessarily substituted with two geminal electron-withdrawing substituents. 

This class of compounds cannot be directly synthesized by the 

Simmons-Smith reaction, and a multistep sequence is necessary to elaborate 

them. Since the bond construction in these two processes is quite different 

from that involving the Simmons-Smith reaction, both methods may be 

complementary depending upon the availability of the precursors. 
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5. Experimental Conditions 

 

Commercial zinc dust devoid of lead impurities is suitable for reagent 

preparation in trials involving the Zn/Cu couple. Generally more active, it is 

preferred over zinc powder. 

 

Extreme care should be taken in reactions involving the pyrophoric (neat) 

diethylzinc and trialkylaluminums. These organometallic reagents should be 

transferred with dry gas-tight syringes using standard procedures for handling 

air-sensitive reagents. (251-253) Immediately after use and to avoid clogging, 

these syringes should be rinsed by purging them several times in an 

Erlenmeyer flask containing an anhydrous solvent such as acetone, 

dichloromethane or hexane. Moreover, use of a cannula instead of a syringe is 

recommended for reactions involving a large amount of the pyrophoric 

precursor. In addition, the dihaloalkane should be added to a solution of 

diethylzinc/trialkylaluminum. Explosions have been reported to occur when the 

order of addition of the reagents is inverted (48) (addition of diethylzinc to 

CH2I2), presumably owing to peroxide formation. (254, 255) In addition, 

catalytic amounts of oxygen might be involved in the carbenoid formation 

reaction (vide supra). (49, 50) Nitrogen is recommended as the inert gas, and 

opening the system after addition of the dihaloalkane will ensure carbenoid 

formation when the amount of adventitious oxygen is not sufficient. 

Experimentally, removing the nitrogen line and placing a small needle through 

the septum for 10 seconds is usually sufficient on large scale or when 

rigorously anhydrous reaction vessels and deoxygenated conditions are used. 

 

For cyclopropanation reactions with zinc carbenoids, dichloromethane and 

1,2-dichloroethane are the solvents of choice since they are nonbasic, 

unreactive toward the zinc reagents, and polar enough to solubilize the 

substrates. When basic solvents are used, the rate of cyclopropanation usually 

decreases as the basicity of the solvent increases. However, reactions 

involving the Zn/Cu couple must be carried out in ethereal solvents to ensure 

that the oxidative addition proceeds well. In the trialkylaluminum/diiodoalkane 

system, ethereal solvents must be avoided since reactions carried out in these 

solvents lead to complete recovery of the starting olefins. Cyclopropanations 

with samarium carbenoids have been reported only using THF as solvent. 

 

Typical reaction temperatures are below or at room temperature (zinc and 

aluminum carbenoids). Aside from reactions involving the Zn/Cu couple (which 

require heating in an ethereal solvent), there are numerous examples of 

carbenoids possessing a strong reactivity profile at 0°. Heating is not 

necessary and most other cyclopropanation reactions are carried out in the 

–10 to 20° temperature range. Samarium reagents are usually formed at –78° 
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and warmed to room temperature. 

 

Since the byproduct formed under various reaction conditions is a Lewis acid, 

acid-sensitive substrates may require optimization of the reaction conditions. 

Carrying out the reaction in an ethereal solvent or addition of a Lewis base like 

diisopropylethylamine (vide supra) can allow reactions to proceed 

satisfactorily. 
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6. Experimental Procedures 

   

 

 

 

6.1.1. Bicyclo[4.1.0]heptan-2-one [Cyclopropanation of a Cyclic Alkene 
Using the Zinc/Copper Couple prepared from Cu(OAc)2] (256)  
6.1.1.1. Preparation of the Zn/Cu couple  
In a 250-mL Erlenmeyer flask equipped with a stirbar, cupric acetate 

monohydrate (0.16 g, 0.8 mmol) was dissolved upon heating in 5 mL of glacial 

acetic acid. Zinc powder (2.8 g, 42.8 mmol) was added to this stirred solution, 

and after 30 to 60 seconds, the green coloration disappeared and metallic red 

copper deposited on the zinc. The stirring was stopped and the supernatant 

liquid was decanted and replaced with 5 mL of glacial acetic acid. The 

suspension was stirred once again and the supernatant liquid was once again 

decanted and then replaced with 10 mL of ether. The couple was washed in 

the same fashion 3 times with 10-mL ether portions. Finally, the couple was 

covered with 20 mL of ether. 

6.1.1.2. Cyclopropanation Reaction  
The Erlenmeyer flask was fitted with a condenser, an addition funnel and a 

CaCl2 trap. A few drops of CH2I2 were added and a slightly exothermic reaction 

occurred. Then, the mixture of cyclohexen-2-one (0.96 g, 0.01 mol) and CH2I2 

(7.5 g, 28 mmol) was added dropwise, inducing a gentle reflux for 30 minutes 

to 1 hour. The mixture was stirred and heated to reflux over 36 hours. A white 

solid deposited after a few hours, and larger amounts formed with time. After 

cooling the flask to room temperature, distilled water (2 mL) was added 

dropwise and the mixture was stirred one hour. After centrifugation, the ether 

phase was decanted and this solution was washed with 10% aqueous HCl, 

then 3 times with distilled water. The solution was dried over Na2SO4, filtered 

and concentrated to afford 1.0 g (90%) of bicyclo[4.1.0]heptan-2-one as a 

colorless liquid: bp15 91°; 1H NMR δ 1.80 (m, 7 H), 1.14 (s, 1 H), 1.01 (m, 2 H). 
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6.1.2. 1-Trimethylsilyloxybicyclo[4.1.0]hept-2-ene (Cyclopropanation of a 
Cyclic Silyl Enol Ether Using the Zinc/Silver Couple) (107)  
In a 250-mL, two-necked flask equipped with a condenser and magnetic 

stirring bar containing boiling glacial acetic acid (100 mL) was added silver 

acetate (100 mg). Upon dissolution of the silver acetate, zinc powder (20 g) 

was added all at once to the stirring hot solution. After 30 seconds the liquid 

was carefully decanted and the zinc-silver couple was washed with five 

100-mL portions of anhydrous ether. Ether (100 mL) was added, followed by 

2-trimethylsilyloxycyclohexa-1,3-diene (16.8 g, 0.10 mol) and the flask was 

fitted with an addition funnel containing CH2I2 (40.2 g, 0.15 mol) and a CaCl2 

trap. The suspension was stirred moderately and CH2I2 was added dropwise. 

The reaction induced a gentle reflux that increased upon CH2I2 addition. After 

complete addition, the mixture was heated to reflux for 15–16 hours. The flask 

was then cooled to 0° and a solution of dry pyridine (23.8 g, 0.3 mol) in ether 

(50 mL) was added dropwise via the addition funnel. Upon addition of pyridine, 

a precipitate was formed. After complete addition, the precipitate was filtered 

off and was washed with ether. The combined filtrate and washes were 

concentrated in vacuo. The crude product was dissolved in pentane and 

filtered. Upon solvent concentration, the residue was purified by distillation to 

afford 15.5 g, 85% of 1-trimethylsilyloxybicyclo[4.1.0]hept-2-ene: bp0.03 40–43°; 
IR (film) 3080, 3040, 2960, 1640, 1450, 1255, 1220, 1010, 845, 760 cm–1; 1H 

NMR ( CCl4) δ 6.14–6.00 (br s, 1 H), 5.45-5.10 (m, 1 H), 2.00-1.10 (m, 4 H), 

1.00-0.55 (m, 3 H), 0.12 (s, 9 H); LRMS calcd: M 183, found: M+ 182 (75%) 

and m/z (%): 167 (100), 154 (50), 151 (52), 93 (97), 75 (95). 

   

 

 

 

6.1.3. (3S,4R)-(–)-3-Methyl-4-(1-methylcyclopropyl)cyclohexanone 
(Cyclopropanation of an Acyclic Alkene Using the Zinc/Copper Couple 
Prepared from CuCl) (257)  
A mixture of zinc dust (2.57 mmol, 0.167 g) and cuprous chloride (2.57 mmol, 

0.254 g) in anhydrous ether (1 mL) was heated at reflux for 30 minutes with 

stirring under nitrogen. CH2I2 (1.28 mmol, 0.103 µL) was added, and the 

mixture was heated at 40° until bubbles appeared and the solution turned dark. 

(3S,4R)-(–)-3-Methyl-4-isopropenylcyclohexanone (0.99 mmol, 0.150 g) and 
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CH2I2 (0.500 mL) were added and the mixture was kept at 40° with stirring for 

20 hours. The solution was diluted with ether and filtered through Celite, 

washed with 5% aqueous HCl, water, and brine, dried over anhydrous 

Na2SO4silver-nitrate-impregnated silica gel (eluting with 5% ethyl 

acetate-hexane) to give 

(3S,4R)-(–)-3-methyl-4-(1-methylcyclopropyl)cyclohexanone (0.130 g, 79%): 

[ α ]20
D –19.3° (c 0.71); IR (neat) 3100, 1720, 1180 cm–1; 1H NMR δ 1.05 (s, 3 

H), 1.00 (d, J = 8 Hz, 3 H), 0.45 (m, 2 H), 0.28 (m, 2 H); LRMS m/z 166 (1, M+), 

138 (45), 111 (75), 96 (56), 82 (53), 67 (47), 55 (100); HRMS calcd for 

C11H18O : 166.13576, found: 166.13543. 

   

 

 

 

6.1.4. (1R,2R)-2-Phenylcyclopropanemethanol [Cyclopropanation of an 
Acyclic Alkene Using bis(Chloromethylzinc)] (51)  
In a 25-mL, two-neck flask, a solution of Et2Zn (410 µL, 4.00 mmol, 2.00 equiv.) 

in 1,2-dichloroethane (7 mL) was cooled to 0°, and CH2ICl (585 µL, 8.03 mmol, 

4.0 equiv.) was added via syringe. The solution was stirred for 5 minutes at 0°, 
and a solution of cinnamyl alcohol (268 mg, 2.00 mmol) in 1,2-dichloroethane 

(3 mL) was added slowly via syringe. The reaction mixture was stirred for 20 

minutes at 0° and then was quenched carefully with saturated aqueous NH4Cl 

solution (20 mL). The mixture was allowed to warm to room temperature, 

stirred vigorously for 10 minutes, and extracted with tert-butyl methyl ether 

(3 × 20 mL). The extracts were washed with water (1 × 20 mL) and brine 

(1 × 20 mL), combined, dried ( K2CO3), filtered through a pad of silica gel, and 

concentrated at aspirator pressure. The crude product was purified by silica 

gel chromatography (hexane/EtOAc, 6/1) and bulb-to-bulb distillation to afford 

275 mg (93%) of the title cyclopropane as a clear, colorless oil: bp 145–150° 
(2 Torr); 1H NMR (300 MHz) δ 7.15 (m, 5 H), 3.60 (dd, J = 2.33 and 6.71 Hz, 2 

H), 1.81 (m, 1 H), 1.78 (br s, 1 H), 1.43 (m, 1 H), 0.94 (m, 2 H); 13C NMR 

(75.5 MHz) 142.37, 128.30, 125.74, 125.58, 66.48, 25.25, 21.24, 13.83; TLC 

Rf 0.10 (hexane/EtOAc, 4/1); GC Tr 8.60 min (170 °C isothermal, HP 50-m 

HP-5 capillary column). Anal. Calcd for C10H12O : 81,04; H, 8.16. Found: C, 

80.99; H, 8.18. 
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6.1.5. (1,1-Dimethylethyl)dimethyl([(1R,2R)-2-phenylcyclopropyl]methoxy) 
silane (Cyclopropanation of an Acyclic Alkene Using the 
TFA-Accelerated Reaction Protocol) (53)  
To freshly distilled CH2Cl2 (20 mL) was added Et2Zn (1.0 M in hexanes) 

(20 mL, 20 mmol) under N2 (it is best to use an inlet adapter for the nitrogen 

line since needles often become clogged). The solution was cooled in an ice 

bath and a solution of trifluoroacetic acid (1.54 mL, 20 mmol) in CH2Cl2 (10 mL) 

was then dripped very slowly into the reaction mixture via syringe. Upon 

stirring for 20 minutes, a solution of CH2I2 (1.61 mL, 20 mmol) in CH2Cl2 

(10 mL) was added. After an additional 20 minutes stirring, a solution of 

(E)-cinnamyl alcohol TBS ether (2.60 g, 10 mmol) in CH2Cl2 (10 mL) was 

added and the ice bath was removed. After an additional 30 minutes stirring, 

the reaction mixture was quenched with 0.1 N HCl (50 mL) (or saturated 

aqueous NH4Cl ) and hexanes (25 mL) and the layers were separated. The 

aqueous layer was extracted with hexanes. The combined organic layers were 

washed with saturated aqueous NaHCO3, water, and brine, then dried over 

Na2SO4, filtered, concentrated, and purified by column chromatography 

(hexanes/ether, 50/1) to yield the cyclopropane product (2.61 g, 95%): IR (film) 

2955, 2933, 2892, 2857, 1605 cm–1; 1H NMR δ 7.26 (m, 2 H), 7.15 (m, 1 H), 

7.08 (m, 2 H), 3.72 (dd, J = 10.8, 5.7 Hz, 1 H), 3.61 (dd, J = 10.8, 6.0 Hz, 1 H), 

1.83 (dt, J = 8.5, 4.8 Hz, 1 H), 1.37 (m, 1 H), 0.94 (m, 2 H), 0.93 (s, 9H), 0.09 (s, 

6 H); 13C NMR δ 143.3, 128.4, 126.1, 125.5, 66.0, 26.2, 25.4, 20.9, 18.6, 13.7, 

–5.0. Anal. Calcd for C12H26OSi : C, 73.22; H, 9.98. Found: C, 73.19; H, 9.71. 

   

 

 

 

6.1.6. 1-Trimethylsilyloxy-2,2-dimethylcyclopropane (Cyclopropanation 
of an Acyclic Silyl Enol Ether Using the Zinc/Silver Couple) (107)  
In a 250-mL, two-necked flask equipped with a condenser and magnetic 

stirring bar containing boiling glacial acetic acid (100 mL) was added silver 

acetate (100 mg). Upon dissolution of silver acetate, zinc powder (20 g) was 

added all at once to the stirring hot solution. After 30 seconds the liquid was 

carefully decanted and the zinc-silver couple was washed with five 100-mL 

portions of anhydrous ether. Then, ether (100 mL) was added, followed by 

1-trimethylsilyloxy-2-methylpropene (0.10 mol) and the flask was fitted with an 

addition funnel containing CH2I2 (40.2 g, 0.15 mol) and a CaCl2 trap. The 
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suspension was moderately stirred and CH2I2 was added dropwise. The 

reaction induced a gentle reflux that increased upon CH2I2 addition. After 

complete addition, the mixture was heated to reflux for 15–16 hours. The flask 

was then cooled to 0° and a solution of dry pyridine (23.8 g, 0.3 mol) in diethyl 

ether (50 mL) was added dropwise via the addition funnel. Upon addition of 

pyridine, a precipitate was formed. After complete addition, the precipitate was 

filtered off and was washed with ether. The combined filtrate and washes were 

concentrated in vacuo. The crude product was dissolved in pentane and 

filtered. Upon solvent concentration, the residue was purified by distillation to 

afford 63% of 1-trimethylsiloxy-2,2-dimethylcyclopropane: bp12 25–27°; IR (film) 

3080, 2960, 1450, 1255, 1180, 1030, 850, 755 cm–1; 1H NMR ( CCl4) δ 2.95 

(dd, 1 H), 1.05 (s, 3 H), 0.95 (s, 3 H), 0.49-0.10 (m, 3 H), 0.12 (s, 9 H); LRMS 

calcd: M 158, found: M+ 158 (5%) and m/z (%): 143 (82), 75 (65), 73 (100). 

   

 

 

 

6.1.7. 6,6-Dimethylspiro(bicyclo[3.1.1]heptane-2,1′-cyclopropane) 
(Cyclopropanation of a Cyclic Alkene Under TiCl4-Promoted Conditions) 
(43)  
A 500-mL, three-necked, round-bottom flask was fitted with a double 

condenser system (Allihn on bottom, Friedrich on top), a mechanical stirrer, 

and a pressure-equalizing dropping funnel containing ether for use in 

maintaining solvent volume during the course of the reaction. A gas collection 

apparatus or gas bubbler was attached to the Friedrich condenser to measure 

the amount of ethylene evolved and/or to monitor the course of the reaction. 

Zinc dust (52.3 g, 0.80 mol), copper(I) chloride (7.92 g, 0.80 mol), ether 

(125 mL), dibromomethane (104 g, 0.60 mol), and β -pinene (27.2 g, 0.20 mol) 

were added in the order listed. After stirring was commenced, titanium(IV) 

chloride (2.28 g, 0.012 mol) was added by syringe (Caution! Use of more than 

2 mol % of titanium(IV) chloride based on starting dihaloalkane has resulted in 

unmanageable reactions), and the reaction mixture was heated at 45–50° with 

an oil bath. The oil bath was lowered if the reaction became too vigorous, and 

the ether volume was replenished through the addition funnel when necessary. 

Upon completion of the reaction, as indicated by a slowing or stopping of gas 

evolution, the contents of the reaction flask were transferred to another vessel, 

cooled in ice, and treated while stirring with saturated aqueous NH4Cl (ca. 

25 mL per 0.1 mol of starting zinc dust). Initial addition must be done carefully 

to avoid foaming the contents out of the vessel. The solids were removed by 
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vacuum filtration (Caution! Potential fire hazard if air is drawn through the zinc 

residue. The residue should be thoroughly wet with water before disposal) and 

washed twice with n-pentane. The aqueous layer of the filtrate was separated 

and washed twice with n-pentane, and the combined organic layers were 

washed three times with 10% NaOH and once with saturated aqueous NaCl 

solution and dried over anhydrous Na2SO4. The solvents were removed on a 

steam bath through a Vigreux column or a rotary vacuum evaporator, and the 

remaining oil was distilled, giving 23.0 g (77%) of 97% pure 

6,6-dimethylspiro[bicyclo[3.1.1]heptane-2,1′-cyclopropane], bp 78–92° 
(25 Torr), n23

D = 1.4765 [lit. (257a) bp 71–73° (18 Torr), n25
D = 1.4765]. The 

distillation pot residue weighed 7.2 g. For pure 

6,6-dimethylspiro[bicyclo[3.1.1]heptane-2,1¢-cyclopropane]: 1H NMR ( CDCl3) 

δ 2.2 (m, 1 H), 2.1-1.7 (m, 4 H), 1.6 (d, J = 9.7 Hz, 1 H), 1.25 (m, 1 H), 1.2 (s, 3 

H), 1.1 (m, 1 H), 1.0 (s, 3 H), 0.45 (m, 1 H), 0.35 (m, 1 H), 0.15 (m, 2 H); 13C 

NMR ( CDCl3) δ 51.2, 40.9, 40.7, 27.2, 26.7, 26.6, 24.2, 21.8, 19.6, 16.3, 11.8. 

   

 

 

 

6.1.8. (S)-4-(1-Methylcyclopropyl)-1-cyclohexene-1-methanol 
(Chemoselective Cyclopropanation of a Polyene Using an Aluminum 
Carbenoid) (258)  
A dry, 1-L, three-necked, round-bottomed flask was equipped with a gas inlet, 

a 50-mL pressure-equalizing dropping funnel, rubber septum, and a 

Teflon-coated magnetic stirring bar. The flask was flushed with argon, after 

which (S)-(–)-perillyl alcohol (10.65 g, 0.07 mol) followed by CH2Cl2 (350 mL) 

were injected through the septum into the flask. The solution was stirred and 

i–Bu3Al (37.3 mL, 0.147 mol) was added from the dropping funnel over a 

period of 20 minutes at room temperature. The mixture was stirred at room 

temperature for 20 minutes and then CH2I2 (7.3 mL, 0.091 mol) was added 

dropwise with a syringe over a 10-minute period. The mixture was stirred at 

room temperature for 4 hours and poured into 400 mL of ice-cold 8% aqueous 

NaOH. The organic layer was separated, and the aqueous layer was extracted 

twice with 100-mL portions of CH2Cl2. The combined extracts were dried over 

anhydrous Na2SO4 and concentrated with a rotary evaporator at ca. 20 mm. 

The residual oil was distilled under reduced pressure to give 10.64–11.13 g 

(92–96%) of (S)-4-(1-methylcyclopropyl)-1-cyclohexene-1-methanol as a 
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colorless liquid: bp 132–134° (24 mm Hg); IR (film): 3330, 2960–2830, 

1460–1423, 1390, 1010, 1000 cm–1; 1H NMR (500 MHz, CDCl3) δ 5.69 (br s, 1 

H), 3.99 (br t, 2 H), 2.16-1.91 (m, 4 H), 1.83-1.77 (m, 1 H), 1.47-1.36 (m, 1 H), 

1.30-1.24 (m, 1 H), 0.93 (s, 3 H), 0.92-0.80 (m, 1 H), 0.26-0.22 (m, 4 H). 

   

 

 

 

6.1.9. (1S*,2S*)-2-Methyl-2-(4-methyl-3-pentenyl)cyclopropanemethanol 
(Chemoselective Cyclopropanation of a Polyene Using a Samarium 
Carbenoid) (58)  
To a dry 25-mL round-bottom flask equipped with a stirbar was added 

samarium metal (2.1 mmol, 0.316 g). The flask was simultaneously flushed 

with argon and flamed dry. To the cooled flask was added 5 mL of THF, 

followed by a solution of mercury(II) chloride (0.2 mmol, 0.054 g) in 5 mL of 

THF. This was allowed to stir for 10 minutes followed by addition of geraniol 

(0.5 mmol). The flask was cooled to –78°, and CH2ICl (2.0 mmol) was added 

dropwise. The mixture was allowed to warm to room temperature and stirred 

for an additional 1–2 hours. The reaction was followed by TLC and GC. The 

reaction was quenched with saturated K2CO3 and extracted with ethyl ether. 

The ether layer was washed with brine three times, dried over K2CO3, filtered 

and concentrated in vacuo to yield the crude material. Flash chromatography 

or Kugelrohr distillation yielded the pure cyclopropyl carbinol. This general 

procedure was followed to yield 97% (0.082 g, 0.487 mmol) of 

(1S*,2S*)-2-methyl-2-(4-methyl-3-pentenyl)cyclopropanemethanol as a clear 

colorless oil after Kugelrohr distillation (55–65° at 0.1 mm Hg). The isolated 

product was 94% pure as indicated by GLC analysis: IR (neat) 3415, 2930, 

1450, 1385, 1034 cm–1; 1H NMR ( CDCl3) δ 5.11-5.08 (m, 1 H), 3.73-3.64 (dd, 

J = 11.4, 6.5 Hz, 1 H), 3.51-3.41 (dd, J = 11.4, 8.5 Hz, 1 H), 2.06-0.85 (m, 6 H), 

1.64 (s, 3 H), 1.58 (s, 3 H), 1.06 (s, 3 H), 0.51-0.44 (m, 1 H), 0.12-0.07 (m, 1 H); 
13C NMR ( CDCl3) δ 131.37, 124.68, 63.96, 41.12, 26.30, 25.74, 25.54, 19.97, 

17.73, 17.68, 17.11. 
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6.1.10. (3 β ,4 α ,5S)-3′,4-Dihydrocyclopropa[4,5]cholestan-3-ol (Directed 
Cyclopropanation of a Chiral Cyclic Allylic Alcohol Involving a Zinc 
Carbenoid) (259)  
To a magnetically stirred mixture of zinc-copper couple (0.687 g, 10.5 mmol), 

(15) dry ether (12 mL), and a small crystal of iodine, there was added CH2I2 

(2.34 g, 8.75 mmol). The mixture was warmed with an infrared lamp until the 

reaction started, and then allowed to react for 30 minutes in a water bath at 35°. 
A solution of 3 β -hydroxy- △ 4-cholestene (0.967 g, 2.5 mmol) in dry ether 

(7 mL) was added over a period of 20 minutes, and the mixture was stirred for 

1 additional hour at 40°. The ice-cooled mixture was diluted with a saturated 

solution of NH4Cl , the supernatant layer was decanted from the precipitate, 

and the precipitate was washed twice with ether. The combined ethereal 

extracts were washed with saturated NaCl solution and dried over anhydrous 

Na2SO4, and the solvent was removed under reduced pressure. The residue 

was purified immediately on 50 g of alumina (activity III). Hexane was used as 

first solvent to remove CH2I2 and a dimer. Benzene eluted 0.622 g (62 %) of 

crystalline (3 β ,4 α ,5S)-3′,4-dihydrocyclopropa[4,5]cholestan-3-ol, which was 

recrystallized from acetone to give fine white needles: mp 94–95° (a second 

crop of crystalline material formed as a white powder, mp 81.0–81.5°); 
[ α ]D – 10° (c 0.92); IR 3600, 3400 cm–1; 1H NMR δ 0.02 (q, J = 4.5 and 

4.0 Hz). Anal. Calcd for C28H48O : C, 83.93; H, 12.08. Found: C, 84.03; H, 

12.02. 

   

 

 

 

6.1.11. cis-Bicyclo[4.1.0]heptan-2-ol (Directed Cyclopropanation of a 
Cyclic Allylic Alcohol Involving a Samarium Carbenoid) (58)  
To a dry 25-mL round-bottom flask equipped with a stirbar was added 

samarium metal (4.2 mmol, 0.632 g). The flask was simultaneously flushed 

with argon and flamed dry. To the cooled flask was added THF (5 mL), 

followed by a solution of mercuric chloride (0.4 mmol, 0.108 g) in THF (5 mL). 

This was allowed to stir for 10 minutes followed by addition of 

cyclohex-2-en-1-ol (1 mmol). The flask was cooled to –78°, and CH2ICl 

(4.0 mmol) was added dropwise. The mixture was allowed to warm to room 

temperature and stirred for an additional 1–2 hours. The reaction was followed 

by TLC and GC. The reaction was quenched with saturated K2CO3 and 
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extracted with ethyl ether. The ether layer was washed with brine three times, 

dried over K2CO3, filtered and concentrated in vacuo to yield the crude material. 

Flash chromatography or Kugelrohr distillation yielded the pure cyclopropyl 

carbinol. This general procedure was followed to yield 96% (0.107 g, 

0.955 mmol) of cis-bicyclo[4.1.0]heptan-2-ol as a clear, colorless oil, isolated 

by silica gel chromatography eluting with 2:1 hexanes-EtOAc. The isolated 

product was 99 % pure as indicated by GLC analysis: IR (neat) 3400, 3050, 

2950, 2850, 1050, 1000 cm–1; 1H NMR ( CDCl3) δ 4.26-4.04 (m, 1 H), 

1.87-1.74 (m, 1 H), 1.65-1.53 (m, 2 H), 1.40-0.84 (m, 6 H), 0.59-0.48 (m, 1 H), 

0.30-0.22 (m, 1 H); 13C NMR ( CDCl3) δ 67.26, 29.83, 22.86, 20.78, 17.69, 

12.76, 7.28; HRMS calcd for C7H12O 112.0888, found 112.0874. 

   

 

 

 

6.1.12. [1 α (R*),2 α ]-2-Ethyl- α -methylcyclopropanemethanol (Directed 
Cyclopropanation of a Z-Disubstituted Acyclic Allylic Alcohol) (135)  
The Zn/Cu couple was prepared according to Shank and Schechter (34) and 

the yields of the desired cyclopropyl carbinols were around 80%. In a 

three-necked flask were introduced anhydrous ether (150 mL), the Zn/Cu 

couple (0.5 mol) and the allylic alcohol (0.2 mol). A few milliliters of CH2I2 was 

added and the flask was gently heated until the reaction started. The 

remaining amount of CH2I2 (0.5 mol) was then added dropwise. After a few 

hours at reflux, the reaction was quenched with a saturated aqueous NH4Cl 

solution and the solid portion was filtered. The ether layer was separated and 

the aqueous layer was extracted with diethyl ether. The combined organic 

extracts were washed with a saturated aqueous K2CO3 solution, dried and the 

desired product was isolated after distillation. [1 α (R*),2 α ]-2-Ethyl- α 

-methyl-cyclopropanemethanol: bp 72°; 1H NMR ( CCl4) δ 3,28 (m, 1 H), 1.22 

(d, 3 H), 1.2-0.2 (m, 9 H). Anal. Calcd for C7H14O : C, 73.68, H, 12.28. Found: 

C, 73.50, H, 12.14. 

   

 

 

 

6.1.13. ( α R,1R,2R)- α -Methyl-2-phenylcyclopropanemethanol (Directed 
Cyclopropanation of an E Disubstituted Acyclic Allylic Alcohol) (136)  
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To a solution of (E)-4-phenyl-3-buten-2-ol (296 mg, 2.0 mmol) in anhydrous 

CH2Cl2 (20 mL) at –10° was added dropwise diethylzinc (1.0 mL, 10 mmol) 

followed by CH2I2 (810 µL, 10 mmol). The bath was allowed to warm to room 

temperature over 3 hours and the mixture was stirred for an additional hour, 

after which time TLC analysis showed complete consumption of the starting 

material. A saturated aqueous NH4Cl solution (10 mL) was added and the 

mixture was diluted with ether (80 mL) and 10% aqueous HCl (10 mL). The 

layers were separated and the organic layer was then successively washed 

with saturated aqueous Na2SO3 (20 mL), saturated aqueous NaHCO3 (20 mL), 

and saturated aqueous NaCl (20 mL). The organic layer was dried over 

MgSO4 and concentrated under reduced pressure. The diastereomeric excess 

was determined by GC analysis of the acetate-derived from 

trans-1-(1-hydroxyethyl)-2-phenylcyclopropane as follows: A solution of 10 mg 

of crude alcohol in 2 mL of pyridine and 1 mL of acetic anhydride was stirred 

for 30 minutes. This solution was injected directly into the GC (0.5 µL). 

Conditions: Column: DB-1701, 0.25 mm × 30 m. Pressure: 25 psi. Isotherm: 

140°. tR (minor) 10.2 min, tR (major) 11.3 min. Diastereomeric ratio (syn:anti): 
7:1 (75% de). Alternatively, silica gel chromatography of the crude alcohol 

using 15% ethyl acetate/hexane as the eluent produced 40 mg (12%) of the 

anti isomer followed by 280 mg (86%) of the more polar syn isomer. 

 

( α R,1R,2R)- α -Methyl-2-phenylcyclopropanemethanol: 1H NMR (300 MHz, 

CDCl3) δ 7.30-7.06 (m, 5 H), 3.39 (dq, J = 8 and 6 Hz, 1 H), 1.85-1.79 (m, 1 H), 

1.67 (br s, 1 H), 1.36 (d, J = 6 Hz, 3 H), 1.33-1.24 (m, 1 H), 1.05-0.93 (m, 2 H); 
13C NMR (100 MHz, CDCl3) δ 142.6, 128.4, 126.0, 125.6, 71.3, 30.7, 22.8, 

20.7, 13.9. 

 

( α R,1S,2S)- α -Methyl-2-phenylcyclopropanemethanol: 1H NMR (300 MHz, 

CDCl3) δ 7.30-7.08 (m, 5 H), 3.40 (dq, J = 8 and 6 Hz, 1 H), 1.95-1.89 (m, 1 H), 

1.68 (s, 1 H), 1.34 (d, J = 6 Hz, 3 H), 1.34-1.25 (m, 1 H), 0.98-0.90 (m, 2 H); 
13C NMR (100 MHz, CDCl3) δ 142.6, 128.2, 125.7, 125.5, 71.7, 30.7, 22.3, 

21.2, 13.2. 

   

 

 

 

6.1.14. (1R,2R)-2-[(1′S)-1-Dimethyl(phenyl)silyl-2-methylpropyl]-1-methyl
cyclopropane (Diastereoselective Cyclopropanation of an Acyclic Chiral 
Alkene) (259a)  
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Trimethylaluminum (2 M in hexane, 0.37 mL) was added to 

(1-isopropylbut-2-enyl) dimethylphenylsilane (0.37 mmol) and CH2I2 (200 mg, 

0.74 mmol) in dry CH2Cl2 (1 mL) under nitrogen at room temperature and the 

mixture was stirred for 3 hours. CH2Cl2 (10 mL) and water (0.5 mL) were 

added to the mixture, after which the organic layer was separated, washed 

with brine (5 mL), dried ( MgSO4) and evaporated under reduced pressure. 

The residue was chromatographed ( SiO2, hexane) to give a 79% yield of 

(1R,2R)-2-[(1′S)-1-dimethyl(phenyl)silyl-2-methylpropyl]-1-methylcyclopropane. 

Rf (hexane) 0.45; IR (film) 1261, 1123 cm–1; 1H NMR ( CDCl3) δ 7.6-7.3 (m, 5 

H), 1.92 (dseptet, J = 3.2 and 6.9 Hz, 1 H), 1.1-0.0 (m, 5 H); 0.96 (d, J = 6.7 Hz, 

6 H), 0.89 (d, J = 6.9 Hz, 3 H), 0.36 (s, 3H), 0.35 (s, 3 H); LRMS calcd: (M – Pr) 

203, found 203 (6%) and m/z (%): 135 (100), 110 (23); HRMS calcd for 

C16H26Si 203.1260, found 203.1256. 

   

 
 

 

6.1.15. 3,4,6-Tri-O-acetyl-1,2-dideoxy-1,2-C-methylene- 
α-D-glucopyranoside (Diastereoselective Cyclopropanation of a Cyclic 
Chiral Enol Ether) (128)  
Zn-Cu couple prepared from 2.6 g Zn by the method of Le Goff (36) was 

placed in dry ether (50 mL) in a three-necked flask. CH2I2 (3.2 mL) was added 

and the mixture was gently heated until small bubbles were generated from the 

couple. The mixture was refluxed for 30 minutes. A solution of the glucal (1.0 g) 

in dry ether (50 mL) was added dropwise over a 30-minute period. Heating 

was continued and the reaction was monitored by TLC. After 8.5 hours, TLC 

showed absence of the starting material. The solution was then cooled, and 

saturated NH4Cl (30 mL) was added to precipitate inorganic salts. The mixture 

was filtered and the 2-layer filtrate was separated. The aqueous layer was 

extracted twice with ether (50 mL). The combined ether solutions were washed 

with saturated K2CO3 (50 mL) and saturated NaCl (50 mL), dried and 

evaporated to a syrup. Column chromatography of the syrup on silica gel using 

1:3 chloroform-ether gave a fraction which yielded needle-like crystals; yield 

38%, m.p. 65–70°; [ α ]D
25 + 66.6° (c 1.1, CHCl3); IR ( KBr) 3012, 1724, 1429, 

1362, 1227, 1106, 1042, 1015 cm–1; 1H NMR ( CDCl3) δ 2.1 (acetyl), 1.28 

(cyclopropane). 
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6.1.16. (R*,S*)- α-(1,1-Dimethylethyl)-2-methylenecyclopropanemethanol 
(Diastereoselective Cyclopropanation of an Allenic Alcohol) (142)  
To a dry, round-bottomed flask equipped with a stirbar and capped with a 

rubber septum was added samarium metal (0.601 g, 4.0 mmol). The flask was 

flame dried while flushing with nitrogen. After the flask was allowed to cool to 

room temperature, mercuric chloride (10 mol% based on samarium) was 

added quickly, followed by THF (2 mL). The gray suspension was stirred for 10 

minutes. The α -allenic alcohol (50 mg, 0.40 mmol) was dissolved in THF 

(2 mL) and transferred via cannula to the flask. The flask was cooled to –78°, 
and CH2I2 was added dropwise. The mixture was allowed to warm to room 

temperature over 2 hours and stirred for an additional 2–4 hours. The viscous 

dark blue reaction mixture was quenched with saturated aqueous K2CO3 

solution and extracted three times with Et2O. The organic layers were washed 

three times with brine, dried over anhydrous Na2SO4, and filtered. After 

concentration of the crude product [31.8 mg (57%) of a colorless oil, a 50:1 

mixture of two diastereomers as determined by GC analysis] purification was 

effected by flash chromatography on silica gel (elution with 20:1 pentane: 

ether). The solvent was carefully removed by distillation and Kugelrohr 

distillation to yield the pure major diastereomer. (R*,S*)- α 

-(1,1-Dimethylethyl)-2-methylenecyclopropanemethanol: Rf = 0.55 on silica gel 

(hexanes:diethyl ether, 1:1); IR (neat) 3416 (br, m), 3072 (w), 3051 (w), 2959 

(s), 2910 (m), 2868 (m), 1483 (m), 1363 (m), 1124 (m), 1047 (m), 1005 (s), 885 

(s) cm–1; 1H NMR (400 MHz, CDCl3) δ 5.40 (m, 1 H), 5.35 (m, 1 H), 2.72 (dd, 

J = 8.9, 3.6 Hz, 1 H), 1.65 (m, 1H), 1.49 (d, J = 3.6 Hz, 1 H), 1.25 (m, 2 H), 

0.97 (s, 9 H); 13C NMR (100 MHz, CDCl3) δ 133.95, 104.32, 82.04, 35.28, 

26.04, 19.27, 6.96; HRMS calcd for C9H15O (M–H)+ 139.1123, found 

139.1124. 
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6.1.17. [4′S-[2′ α (1R*,6S*),4′ 
α ,5′β ]-4′,5′-Diphenylspiro[bicyclo[4.1.0]heptane-2,2¢-[1,3]dioxolane] 
(Diastereoselective Cyclopropanation of a Cyclic Chiral Allylic Acetal as 
Chiral Auxiliary) (260)  
A well-stirred suspension of freshly prepared Zn/Cu couple (~2.5 g) in ether 

(~5 mL) under argon was brought to reflux, and a small crystal of iodine and 

CH2I2 (1.51 mL, 18.8 mmol) were added. After 30 minutes at reflux the ene 

ketal (1.10 g, 3.77 mmol) was added as a solution in diethyl ether. Progress of 

the reaction was monitored by TLC and 1H NMR spectroscopy. When the 

reaction was complete, the mixture was cooled to 0° and quenched with 

saturated aqueous Na2CO3 solution (12 equiv). After the mixture was stirred at 

room temperature for 30 minutes, the gray-black Zn/Cu couple was removed 

by filtration and washed well with diethyl ether. The combined organic extracts 

were washed with saturated aqueous NH4Cl , saturated aqueous NaHCO3, 

and saturated aqueous NaCl, dried over MgSO4, filtered and concentrated in 

vacuo to afford the crude product. Column chromatography on silica gel 60 

afforded a white solid as a diastereomerically pure product. Yield: 0.936 g, 

3.05 mmol, 90%. Recrystallization from a minimal amount of anhydrous diethyl 

ether afforded colorless crystals: mp 141–142°; [ α ]25
D – 75.0° (c 0.42, CHCl3); 

IR ( CDCl3) 3663, 3066, 3032, 3011, 3009, 2942, 2863, 2355, 1948, 1877, 

1807, 1602, 1495, 1454, 1389, 1363, 1186, 1137, 1109, 1095, 1077, 1055, 

1041, 1026, 1002, 978, 959, 922, 896, 869, 827, 700, 666, 649, 622 cm–1; 1H 

NMR ( CDCl3) δ 7.35-7.14 (m, 10 H), 4.86 (dd, 2 H), 1.98-1.71 (m, 2 H), 

1.71-1.55 (m, 2 H), 1.55-1.34 (m, 3 H), 1.34-1.18 (m, 1 H), 0.87-0.72 (m, 1 H), 

0.35 (q, 1 H); 13C NMR ( CDCl3) δ 137.0, 136.8, 128.3, 128.2, 128.1, 128.0, 

126.8, 126.7, 110.3, 85.3, 85.2, 32.7, 22.3, 20.1, 20.0, 12.5, 9.8. Anal. Calcd 

for C21H22O2: C, 82.33; H, 7.23. Found: C, 82.17; H, 7.35. 

   

 

 

 

6.1.18. [1 α (3R*,5R*),6 
α ]-5-(Bicyclo[4.1.0]hept-1-yloxy)-2,6-dimethyl-3-heptanol 
(Diastereoselective Cyclopropanation of a Cyclic Chiral Enol Ether as 
Chiral Auxiliary) (176)  
To a solution of the chiral enol ether (333 mg, 1.39 mmol) in dry Et2O (10.3 mL) 

was added diethylzinc (10.3 mL, 1 M in hexane) at 24° and stirred for a minute. 
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To this mixture CH2I2 (1.2 mL, 14.9 mmol) was added dropwise for 10 minutes, 

and then allowed to stand for 2 hours at the same temperature. The reaction 

mixture was poured into aqueous NH4Cl , extracted twice with ether, dried over 

MgSO4, and purified by MPLC on silica gel (elution with 6% ethyl acetate in 

hexane) to give 304.4 mg of a colorless oil (86%, >99.5% de): IR (neat) 

3500 cm–1; 1H NMR ( CDCl3) δ 3.61-3.55 (m, 2 H), 3.10 (br s, 1 H), 2.12 (dt, 

J = 13.2 and 5.4 Hz, 1 H), 2.07-1.95 (m, 3 H), 1.67-1.36 (m, 5 H), 1.31-1.15 (m, 

4 H), 1.05 (m, 1H), 0.93 (d, J = 6.8 Hz, 3 H), 0.89 (d, J = 6.8 Hz, 3 H), 0.87 (d, 

J = 6.8 Hz, 3 H), 0.82 (d, J = 6.8 Hz, 3 H), 0.26 (dd, J = 6.4 and 5.4 Hz, 1 H); 
13C NMR ( CDCl3) δ 80.29, 73.43, 60.46, 34.06, 33.05, 30.22, 30.10, 24.46, 

21.88, 21.51, 19.78, 18.55, 17.87, 17.78, 17.56. Anal. Calcd for C16H30O2: C, 

75.54; H, 11.89. Found: C, 75.26; H, 11.92. 

   

 

 

 

6.1.19. [1S-(1 α [S*(R*)],2 β )]- α -Methyl- 
α-[(N-Methyl-S-phenylsulfonimidoyl) 
Methyl]-2-(2-Methyl-1-propenyl)cyclopropanemethanol 
(Diastereoselective Cyclopropanation of an Acyclic Chiral Allylic Alcohol 
as Chiral Auxiliary) (261)  
A 100-mL three-necked flask equipped with a heating mantle and magnetic 

stirring bar was charged with glacial acetic acid (50 mL) and silver acetate 

(50 mg); the suspension was brought to boiling. The heating mantle was 

turned off and 10-mesh granular zinc (5.583 g, 85.4 mmol) was added all at 

once to the stirred hot solution. After 30 seconds the liquid was carefully 

decanted and the zinc-silver couple was washed with five 50-mL portions of 

anhydrous diethyl ether. Et2O (40 mL) was then poured onto the couple, a 

condenser and addition funnel were fitted to the flask, and the atmosphere was 

replaced with argon. A small crystal of iodine was added to the stirred ethereal 

suspension and the mixture was brought to reflux. CH2I2 (3.4 mL, 42.7 mmol) 

was then added dropwise via the addition funnel. After the addition was 

complete the suspension was refluxed a further 15 minutes and then stirred at 

room temperature for 1 hour. The diene (1.253 g, 4.3 mmol) in diethyl ether 

(10 mL) was then added and the mixture was gently refluxed. The reaction 

progress was monitored by TLC (2/1, hexane/ethyl acetate). After 5 minutes 

the starting material was consumed and the reaction mixture was filtered 

through glass wool into ice-cold saturated ammonium chloride (100 mL). After 

vigorous shaking the layers were separated and the aqueous layer was 
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extracted twice with 50-mL portions of ether. The combined organic extracts 

were washed successively with saturated aqueous NH4Cl and saturated 

NaHCO3, then dried over MgSO4, filtered, and concentrated. The crude yellow 

gum (15:1 ratio of desired product to three minor products) was purified by 

medium-pressure liquid chromatography over silica gel (15/1, hexane/ethyl 

acetate as eluent) to provide the desired monocyclopropane as a white, 

crystalline solid (76%): mp 62–63°; [ α ]25
D – 67.7° (c 1.27, CHCl3); IR ( CHCl3) 

3240 (br), 3080 (w), 3040 (w), 3010 (s), 2935 (s), 1607 (w), 1590 (w), 1452 (s), 

1380 (m), 1250 (s), 1156 (s) cm–1; 1H NMR ( CDCl3) δ 8.1-7.8 (m, 2 H), 7.8-7.5 

(m, 3 H), 6.63 (br s, 1 H), 4.58 (d, J = 8.5 Hz, 1 H), 3.25 (q, J = 14 Hz, 2 H), 

2.65 (s, 3 H), 1.75 (s, 3 H), 1.70 (s, 6 H), 1.17-1.10 (m, 4 H); 13C NMR ( CDCl3) 

δ 138.92, 133.14, 130.60, 129.63, 128.91, 127.35, 70.04, 64.78, 31.84, 28.72, 

27.03, 25.47, 18.13, 13.06, 9.82. Anal. Calcd for C17H25NO2S : C, 66.41; H, 

8.20. Found: C, 66.26; H, 7.99. 

   

 

 

 

6.1.20. [4R-[2 α (1R*,2R*),4 α ,5 β ]]-Bis(1-methylethyl)ester, 
2-[2-(4-Methoxy-4-oxobutyl)cyclopropyl]-1,3-dioxolane-4,5-dicarboxylic 
Acid (Diastereoselective Cyclopropanation of an Acyclic Chiral Allylic 
Acetal as Chiral Auxiliary) (161)  
To a solution of theacetal(0.744 g, 2 mmol) in 20 mL of dry hexane was added 

diethylzinc (10 mmol, 5 mL of 2.0 M hexane solution) at –20°. CH2I2 (1.62 mL, 

20 mmol) was added dropwise to the resulting stirred solution and the mixture 

was vigorously stirred at –20° for 4 hours and at 0° for 4 hours. The reaction 

mixture was poured into cold aqueous NH4Cl and the product was extracted 

with ether repeatedly. The ether layers were washed with NaS2O3 and water. 

The combined ether layers were dried over Na2SO4 and concentrated in vacuo. 

Purification by chromatography on silica gel (hexane/ethyl acetate, 3/1) 

afforded the pure cyclopropane as a colorless oil (0.726 g, 94% yield): IR (neat) 

3000, 2950, 1750, 1735, 1375, 1220, 1105, 905 cm–1; 1H NMR ( CCl4) 4.75 (d, 

J = 5.8 Hz, 1 H), 3.57 (s, 3 H), 1.28 (d, J = 6.2 Hz, 12 H), 0.17–1.17 (m, 4 H). 

Anal. Calcd for C19H30O8: C, 59.05; H, 7.83. Found: C, 59.07; H, 7.81. 
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6.1.21. (1R,2R)-(–)-2-n-Butyl-1-cyclopropanol (Diastereoselective 
Cyclopropanation of an Acyclic Chiral Vinyl Boronate as Chiral Auxiliary) 
(178)  
In a 100-mL flask under an argon atmosphere, Zn/Cu couple (12 g, from Zn 

and CuSO4), (34) a small amount of I2, CH2I2 (4.9 mL, 60.8 mmol), and ether 

(40 mL) were charged, and the mixture was refluxed for 30 minutes with 

magnetic stirring. To it was added at room temperature a solution of the 

boronate ester [20 mmol, freshly prepared from the boronic acid and 

(+)-N,N,N¢,N¢-tetramethyltartramide] in ether (12 mL), and a slightly 

exothermic reaction took place. An additional 8 mL of ether was used to wash 

the container. Stirring was continued for 5 hours at room temperature, then 

water (20 mL) was added with ice cooling, and the mixture was stirred at room 

temperature overnight. The excess metal was filtered off and washed with THF, 

and the filtrate washed with saturated aqueous NH4Cl (3 × 20 mL). The 

aqueous phase was extracted with ether (3 × 20 mL), the extract combined 

with the organic phase, and the mixture was washed with saturated aqueous 

NaCl (3 × 20 mL) and dried over a small amount of MgSO4 for a short time. 

Filtration of the desiccant and evaporation of the solvent gave ca. 3.4 g of 

slightly wet white solid that contained no olefinic protons by 1H NMR. The 

crude boronic acid was dissolved in THF (70 mL) and oxidized by successive 

addition of 2 M KHCO3 (20 mL) and 30% H2O2 (6.0 mL) with ice cooling 

followed by 2 hours of stirring at room temperature. Ether (70 mL) was added, 

and the mixture was washed with saturated aqueous NaCl (3 × 20 mL). The 

aqueous phase was extracted with ether (3 × 20 mL), and the extract 

combined with the organic phase and dried over Na2SO4. After filtration of the 

solid and evaporation of the solvent, 2.73 g of a colorless oil, from which the 

cyclopropanol was isolated by chromatography on silica gel (Merck Kieselgel 

60 of 230–400 mesh, 130 g), 10–20% EtOAc/hexane and purified by 

distillation: bp (bath temperature) 80–85° (4 Torr); 1.53 g (67%); 

[ α ]D
23 – 56.3° (c 0.678, EtOH); 94% ee (by capillary GC analysis for its MTPA 

ester); IR (neat) 3300, 3075, 2955, 2925, 2855, 1460, 1380, 1200, 1150 cm–1; 
1H NMR (100 MHz, CDCl3) δ 3.18 (ddd, J = 6.2, 2.6 and 2.4 Hz, 1 H), 2.0 (s, 1 

H), 1.6-0.4 (m, 11 H), 0.4-0.1 (m, 1 H). Anal. Calcd for C7H14O : C, 73.63; H, 

12.36. Found: C, 73.30; H, 12.39. 
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6.1.22. (2′R,3′R)-2′-[(Triisopropylsilyl)oxy]-2′,3′-methanopentyl-3,4,6-tri-O-
benzyl- β -D-glucopyranose (Diastereoselective Cyclopropanation of an 
Acyclic Chiral Ether as Chiral Auxiliary) (261a)  
To a solution of the glucopyranoside (8.25 g, 11.7 mmol) in CH2Cl2 (120 mL) 

cooled to –30° was added in one portion diethylzinc (8.4 mL, 81.9 mmol). After 

10 minutes of stirring, CH2I2 (4.7 mL, 58.5 mmol) was added to the solution 

over a period of one minute. When TLC analysis (15% EtOAc/hexane) no 

longer showed any starting material (10 hours), the cloudy solution was slowly 

poured in a stirred mixture of ether (200 mL) and saturated aqueous NH4Cl 

(50 mL) at 0°. To this solution was added a minimum amount of 10% aqueous 

HCl to dissolve the white precipitate. The layers were separated, and the 

aqueous layer was extracted with ether (2 × 50 mL). The combined organic 

layers were washed with 0.05 M aqueous Na2SO3 (50 mL), saturated aqueous 

NaHCO3 (50 mL), and saturated aqueous NaCl (50 mL). The organic layer 

was dried over MgSO4 and concentrated under reduced pressure. The crude 

product of the reaction was analyzed by HPLC to obtain a diastereomeric ratio 

of >100:1 [4 µm silica gel NOVA-PAK, 8 mm × 20 cm; 8% EtOAc/hexane; flow 

rate 1 mL/minute, Tr (major) 15.7 minutes, Tr (minor) 20.4 minutes]. The 

residue was purified by chromatography on silica gel (6% EtOAc/hexane) to 

produce 

(2′R,3′R)-2′-[(triisopropylsilyl)oxy]-2′,3′-methanopentyl-3,4,6-tri-O-benzyl- β 

-D-glucopyranose (7.8 g, 93%) as a viscous colorless oil. After 

chromatography, the HPLC and 1H NMR analyses indicated the presence of 

only one diastereomer: Rf 0.3 (10% EtOAc/hexane); [ α ]D – 11.7° (c 2.0, 

CHCl3); IR (neat) 3460 (br), 3020, 2940, 2860, 1490, 1450, 1360, 1100 (v. br), 

875, 780, 740, 690 cm–1; 1H NMR (400 MHz, CDCl3) δ 7.44-7.21 (m, 15 H), 

5.02 (d, J = 11 Hz, 1 H), 4.89 (d, J = 11 Hz, 1 H), 4.86 (d, J = 11 Hz, 1 H), 4.65 

(d, J = 12 Hz, 1 H), 4.60 (d, J = 11 Hz, 1 H), 4.58 (d, J = 12 Hz, 1 H), 4.36 (d, 

J = 7 Hz, 1 H), 3.95 (d, J = 11 Hz, 1 H), 3.82-3.72 (m, 4 H), 3.66-3.59 (m, 3 H), 

3.50 (d, J = 10 Hz, 1 H), 3.52-3.49 (m, 1 H), 2.53 (s, 1 H), 1.53-1.36 (m, 2 H), 

1.17-1.05 (m, 21 H), 1.02 (t, J = 7 Hz, 3 H), 0.81-0.76 (m, 1 H), 0.71 (dd, J = 9 

and 5 Hz, 1 H), 0.23 (t, J = 5 Hz, 1 H); 13C NMR (75 MHz, CDCl3) 138.7, 138.2, 

138.1, 128.2, 128.2, 128.2, 127.8, 127.8, 127.6, 127.5, 127.4, 127.4, 102.5, 

84.4, 77.5, 75.2, 74.9, 74.9, 74.8, 73.4, 69.6, 68.9, 67.4, 26.4, 22.8, 22.0, 17.9, 

14.7, 14.2, 11.9. 
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6.1.23. (1R,3S,4S,6R)-1-Hydroxymethyl-6-phenyldicyclopropane 
(Enantioselective Cyclopropanation of an Acyclic Alkene Using a Chiral 
Tartrate as a Stoichiometric Additive) (261b)  
Et2Zn in hexanes (1.0 M; 0.48 mL, 0.48 mmol) was added dropwise with 

stirring to the allylic alcohol (75 mg, 0.43 mmol) in 1,2-dichloroethane  

   

 
 

(3 mL) at 0°. After 0.5 hour, L-(+)-diethyl tartrate (99 mg, 0.48 mmol) in 

1,2-dichloroethane (1 mL) was added and the reaction mixture was stirred for 

1 hour, cooled to –12° and Et2Zn (0.89 mL, 0.89 mmol) was added. After 1 

hour, CH2I2 (0.46 g, 0.15 mL, 1.75 mmol) was added and the resulting solution 

was stirred at –12° for 12 hours, quenched with with saturated aqueous NH4Cl 

(5 mL), and extracted with Et2O (2 × 15 mL). The organic phase was washed 

with 10% NH4Cl (15 mL), H2O (2 × 15 mL), and brine (2 × 15 mL), dried and 

filtered. Rotary evaporation and chromatography (hexanes:EtOAc 4:1) gave 

(1R,3S,4S,6R)-1-hydroxymethyl-6-phenylbicyclopropane admixed with 

(1S,3R,4S,6R)-1-hydroxymethyl-6-phenylbicyclopropane (6:1, 58 mg, 72%) as 

a colorless oil: Rf 0.20 (hexanes:EtOAc 4:1); IR (film) 3360, 2871, 1605, 1499, 

1021, 745, 697 cm–1; 1H NMR (270 MHz, CDCl3) δ 7.27-7.00 (m, 5 H), 

3.49-3.42 (m, 2 H), 1.74 (br s, 1 H), 1.68-1.62 (m, 1 H), 1.16-1.08 (m, 1 H), 

0.98-0.73 (m, 4 H), 0.47-0.36 (m, 2 H); 13C NMR (75.1 MHz, CDCl3) 143.8, 

128.3, 125.6, 125.4, 66.8, 24.4, 22.2, 20.0, 18.6, 14.0, 8.0; LRMS (CI, NH3) 

m/z 206 (M + NH4)
+, 188 (M+), 171, 77. Anal. Calcd for C13H16O : C, 82.94; H, 

8.57. Found: C, 83.13; H, 8.74. 
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6.1.24. (+)-(1S,2S)-2-Phenylcyclopropanemethanol (Enantioselective 
Cyclopropanation of an Acyclic Alkene Using a Chiral Dioxaborolane as 
a Stoichiometric Additive) (187)  
To a solution of dry DME (1.60 mL, 14.0 mmol) in anhydrous CH2Cl2 (45 mL) 

cooled at –10° (internal temperature) was added diethylzinc (1.50 mL, 

14.9 mmol). Then, to this stirred solution was added CH2I2 (2.40 mL, 

29.8 mmol) over 15–20 minutes while maintaining the internal temperature 

between –8 and –12°. After completion of the addition, the resulting clear 

solution was stirred for an additional 10 minutes at –10°. A solution of the 

dioxaborolane ligand (2.41 g, 8.94 mmol) in anhydrous CH2Cl2 (10 mL) was 

then added via cannula under argon over 5–6 minutes, followed immediately 

by a solution of cinnamyl alcohol (1.00 g, 7.45 mmol) in anhydrous CH2Cl2 

(10 mL) added via cannula under argon over 5–6 minutes while maintaining 

the internal temperature under –5° at all times. The cooling bath was removed, 

and the reaction mixture was allowed to warm to room temperature and was 

stirred for 8 hours at that temperature. Then, the reaction was quenched with 

saturated aqueous NH4Cl solution (10 mL) and 10% aqueous HCl solution 

(10 mL). The mixture was then diluted with ether (60 mL) and transferred into a 

separatory funnel. The reaction flask was rinsed with ether (15 mL) and 10% 

aqueous HCl solution, and both solutions were transferred into the separatory 

funnel. The two layers were separated, and the aqueous layer was extracted 

with ether (20 mL). The combined organic layers were transferred into an 

Erlenmeyer flask, and a solution containing 60 mL of 2 N aqueous NaOH and 

10 mL of 30% aqueous H2O2 was added in one portion. The resulting biphasic 

solution was stirred vigorously for 5 minutes. The two layers were then 

separated, and the organic layer was successively washed with 10% aqueous 

HCl (50 mL), saturated aqueous Na2SO3 solution (50 mL), saturated aqueous 

NaHCO3 solution (50 mL), and brine (50 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. The crude product was left under 

vacuum (0.2 mm Hg) overnight (12–16 hours) to remove the n-butanol 

produced in this oxidative workup (this last step is not necessary if the product 

is purified by flash chromatography). The product was purified by Kugelrohr 

distillation (90°, 0.8 mm Hg) to afford 

(+)-(1S,2S)-2-phenylcyclopropanemethanol (1.05 g, 95%) as a colorless oil: 

bp 90° (0.8 mm Hg); Rf 0.31 (30% EtOAc/hexanes); [ α ]D + 82° (c 1.74 EtOH) 

[lit. (227) [ α ]D – 92° (c 1.23, EtOH) for the enantiomer]; 1H NMR (400 MHz, 

CDCl3) δ 7.30-7.25 (m, 2 H), 7.20-7.15 (m, 1 H), 7.10-7.07 (m, 2 H), 3.67-3.59 

(m, 2 H), 1.86-1.82 (m, 1 H), 1.75 (br s, 1 H), 1.51-1.43 (m, 1 H), 1.01-0.92 (m, 

2 H); 13C NMR (100 MHz, CDCl3) 142.5, 128.3, 125.8, 125.6, 66.3, 25.2, 21.2, 

13.8. Anal. Calcd for C10H12O : C, 81.04; H, 8.16. Found: C, 81.15; H, 8.30. 

The enantiomeric excess (94% ee) was determined by GC analysis of the 

trifluoroacetate ester derived from (1S,2S)-2-phenyl-1-cyclopropanemethanol: 

Column: Cyclodex G-TA, 0.32 mm × 30 m. Pressure 25 psi. Isotherm: 110°. tR 

(minor) 11.5 minutes, tR (major) 12.0 minutes. 
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6.1.25. (–)-(1R,2R)-2-(4-Methoxyphenyl)cyclopropanemethanol 
(Enantioselective Cyclopropanation of an Acyclic Alkene Using a Chiral 
Binol as a Stoichiometric Additive) (199)  
To a solution of (R)-N,N,N¢,N¢-tetraethyl-BINOL-3,3¢-dicarboxamide (48 mg, 

0.1 mmol) and (E)-3-(4-methoxyphenyl)-2-propen-1-ol (16 mg, 0.1 mmol) in 

anhydrous CH2Cl2 (1 mL) were added diethylzinc (1.0 M solution in hexane, 

0.6 mL) and CH2I2 (0.024 mL, 0.3 mmol) at 0° under a nitrogen atmosphere 

and the mixture was stirred for 15 hours at the same temperature. The mixture 

was allowed to warm to room temperature and the reaction was quenched with 

2 M NaOH solution. After extraction three times with ether, the combined 

organic layers were successively washed with 2 M aqueous NaOH and brine, 

dried over anhydrous MgSO4, and concentrated under reduced pressure. The 

residue was purified by TLC on silica gel (developed with diisopropyl ether) to 

give (–)-(1R,2R)-2-(4-methoxyphenyl)cyclopropanemethanol (13.9 mg, 78%) 

as a colorless oil. The enantiomeric excess was determined to be 94% ee by 

HPLC analysis using a Daicel Chiralcel OD column (hexane:i-PrOH=15:1). 

[ α ]D
23 – 63.5° (c 1.05 EtOH); IR ( KBr) 3318, 1518, 1461, 1255, 1178, 1032, 

818 cm–1; 1H NMR ( CDCl3) δ 7.01 (d, J = 8.9 Hz, 2 H), 6.81 (d, J = 8.9 Hz, 2 

H), 3.78 (s, 3 H), 3.61 (m, 2 H), 1.79 (m, 1H), 1.58 (br s, 1 H), 1.40 (m, 1 H), 

0.89 (m, 2 H). Anal. Calcd for C11H14O2: C, 74.13; H, 7.92. Found: C, 74.17; H, 

7.78. The chiral additive was recovered in 87% yield without loss of optical 

purity by acidification of the aqueous layer and extraction with chloroform. 
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6.1.26. (–)-(1R,2R)-2-Phenylcyclopropanemethanol (Enantioselective 
Cyclopropanation of an Acyclic Alkene Using a Chiral Disulfonamide as 
Catalyst) (201)  
To a flame-dried, 15-mL, two-necked, round-bottom flask (flask A) equipped 

with a stir bar, septum, and argon inlet were added cinnamyl alcohol (134 mg, 

1.00 mmol) and the promoter (27 mg, 0.1 mmol, 0.1 equiv.). The flask was 

evacuated and filled with argon (3x), and then CH2Cl2 (3 mL) was added. The 

solution was cooled under argon to 0°, and diethylzinc (113 µL, 1.10 mmol, 

1.10 equiv.) was added. The solution was stirred at 0° for 10 minutes. To a 

flame-dried, 25-mL, two-necked, round-bottom flask (flask B) equipped with a 

stir bar, septum, and argon inlet were added iodine (508 mg, 2.00 mmol, 

2.00 equiv) and CH2Cl2 (10 mL). The suspension was cooled under argon to 

0°, and diethylzinc (103 µL, 1.00 mmol, 1.00 equiv.) was added. A thick white 

precipitate immediately formed. The slurry was stirred at 0° for 10 minutes. To 

a flame-dried, 100 mL, two-necked, round-bottom flask (flask C) equipped with 

a stir bar, septum, and argon inlet were added diiodomethane (161 µL, 

2.00 mmol, 2.00 equiv.) and CH2Cl2 (24 mL). The solution was cooled to 0°, 
and diethylzinc (103 µL, 1.00 mmol, 1.00 equiv.) was added with subsequent 

stirring for 5 minutes (white precipitate formed after ~2 minutes). The contents 

of flask A were added via cannula over ~30 seconds to flask B. The resulting 

thick white slurry was stirred at 0° for 2 minutes and was transferred in like 

manner to flask C. The mixture was again a thick white slurry and was 

maintained at 0°, and the reaction progress was monitored periodically as 

follows. An aliquot (5–10 drops) was removed via cannula into a precooled (0°) 
solution of CH2Cl2 (0.5 mL) containing TMEDA (5 drops) After washing with 

2 N HCl (0.5 mL), this solution was passed through a small plug of Florisil 

(~0.125 in.), followed by EtOAc (0.5 mL). This solution was then assayed by 

GC (HP-U2, isothermal 180°, tR 5.9 min). The reaction was quenched after 45 

minutes with 2 N NaOH (13 mL). The organic layer was removed, the aqueous 

layer was extracted with CH2Cl2 (2 × 20 mL), and the combined organic layers 

were dried ( MgSO4) and concentrated in vacuo. The product was then purified 

by silica gel column chromatography (hexane/EtOAc, 3/1) followed by 

bulb-to-bulb distillation to yield 136 mg (92%) of the desired product as a clear, 

colorless oil: bp 60° (0.01 Torr); IR 3336 (s); 1H NMR (400 MHz) δ 7.30-7.24 

(m, 2 H), 7.20-7.14 (m, 1 H), 7.10-7.06 (m, 2 H), 3.61 (ddd, J = 6.8, 11.2, 

18.1 Hz, 2 H), 1.83 (td, Jt = 4.6 Hz, Jd = 9.3 Hz, 1 H), 1.82 (t, J = 4.5 Hz, 1 H), 

1.46 (m, 1 H), 0.96 (m, 2H); 13C NMR (100 MHz) 142.38, 128.30, 125.74, 

125.60, 66.52, 25.26, 21.24, 13.84; MS (EI) 148 (M+, 18); GC tR 8.4 min (U2, 

isothermal 180 °C); HPLC tR (1R,2R) 22.7 min (94.9%); tR (1S,2S) 29.3 min 

(5.1%) (89% ee) (Daicel OJ, hexane/i-PrOH, 98/2, 1.0 mL/min); Rf 0.20 

(hexane/EtOAc, 3/1). Anal. Calcd. for C10H12O (148.21): C, 81.04; H, 8.16. 

Found: C, 80.74; H, 8.26. 
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6.1.27. (+)-(1S,2S)-2-Phenylcyclopropanemethanol (Enantioselective 
Cyclopropanation of an Acyclic Alkene Using a Chiral Lewis Acid as 
Catalyst) (31)  
6.1.27.1. Preparation of the catalyst  
To a mixture of (4R,5R)-2,2-dimethyl- α , α , α ′, 
α′-tetraphenyl-1,3-dioxolane-4,5-dimethanol (207) (TADDOL) (140 mg, 

0.29 mmol) and 4 Å molecular sieves (1 g) in CH2Cl2 (5 mL) was added 

Ti(OPr-i)4 (74 µL, 0.25 mmol). After 1.5 hours of stirring at room temperature, 

the solvent was removed under reduced pressure and the residue was left 

under high vacuum for 2 hours. 

6.1.27.2. Cyclopropanation reaction  
To a solution of CH2I2 (160 µL, 2 mmol) in CH2Cl2 (5 mL) at 0° was added 

dropwise Et2Zn (100 µL, 1 mmol). The resulting solution was stirred at 0° for 

15 minutes and a white precipitate was formed. The mixture was cooled to 

–40° and a solution of the catalyst in CH2Cl2 (5 mL) was added immediately 

followed by a solution of cinnamyl alcohol (140 mg, 1.04 mmol) in CH2Cl2 

(5 mL). After 90 minutes of stirring at 0°, the resulting solution was cooled to 

–40° and poured into 30 mL of saturated aqueous NH4Cl . The layers were 

separated and the aqueous layer was extracted three times with EtOAc. The 

combined organic layers were washed with saturated aqueous NH4Cl , 

saturated aqueous NaCl, dried over MgSO4 and concentrated under reduced 

pressure. The residue was purified by flash chromatography (20% 

EtOAc/hexanes) to afford the desired product (120 mg, 80%). The 

enantiomeric ratio was determined to be 90% ee by GC analysis of the 

trifluoroacetate derivative on a chiral stationary phase: Cyclodex GT-A column, 

0.32 mm × 30 m [25 psi, 110°, tR 11.5 min (minor), 12.0 min (major)]. 

[ α]D + 84° (c 1.3, EtOH); lit. [ α]D + 86° (c 1.9, EtOH). (227) 
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6.1.28. 6-Methyl-endo-bicyclo[3.1.0]hexan-3-ol (Directed 
Cyclopropanation of a Cyclic Allylic Alcohol Using an Alkyl-Substituted 
Zinc Carbenoid) (66)  
3-Cyclopenten-1-ol (0.03 mol) was added to ethylzinc iodide (0.2 mol) in ether 

(50 mL). The mixture was heated to reflux, ethylidene iodide (0.06 mol) was 

added and the reaction was continued for 12 hours. The reaction mixture was 

then worked up by dilution with ether followed by dropwise addition of 

saturated aqueous NH4Cl (about 100 mL). The resulting aqueous layer was 

separated and washed with three 50-mL portions of ether. The combined 

ethereal layers were washed with four 50-mL portions of saturated aqueous 

Na2CO3 and four 25-mL portions of saturated aqueous NaCl, dried over a 

K2CO3– MgSO4 mixture, and distilled. The 

anti/syn-6-Methyl-endo-bicyclo[3.1.0]hexan-3-ol product mixture boiled at 

80–83° (15 mm) and yielded 67% (anti:syn = 73:27) of the desired products. 

Anal. Calcd for C7H12O : C, 74.95; H, 10.80. Found: C, 74.81; H, 10.77. 

Individual samples of the pure anti-endo and syn-endo isomers were 

separated by GLC on a 2-m 20% Carbowax 20M on 60/80-mesh 

nonacid-washed Chromosorb W column. For 

anti-6-Methyl-endo-bicyclo[3.1.0]hexan-3-ol: 1H NMR ( CCl4) δ 4.5 (m, 1 H), 

3.2 (s, 1 H), 1.0 (br s, 3 H), 2.0-0.8 (m, 7 H). For 

syn-6-Methyl-endo-bicyclo[3.1.0]hexan-3-ol: 1H NMR ( CCl4) δ 4.8 (m, 1 H), 

3.3 (s, 1 H), 1.2 (d, J = 7 Hz, 3 H), 2.4-0.7 (m, 7 H). 

   

 

 

 

6.1.29. syn-(2S,3R)-1-Bromo-2,3-dimethylcyclopropane (Directed 
Cyclopropanation of an Acyclic Alkene Using a Bromine-Substituted 
Zinc Carbenoid) (103)  
The reaction was carried out in a pressure bottle of 100 mL inner volume 

equipped with a pressure-equilibrating dropping funnel of 50 mL volume. Into 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




the bottle, 15 g of cis-but-2-ene was distilled, into which diethylzinc (2 mL, 

20 mmol) was dissolved. The bottle was cooled in an ice-water bath, and 

bromoform (2.6 mL, 30 mmol) was added from the dropping funnel to the 

solution. Another pressure bottle of 140 mL volume containing oxygen at ca. 

1.5 kg/cm2 was connected to the reaction bottle through a needle valve and 

the reaction mixture was stirred for 2 hours. After the usual workup, distillation 

gave a 2.7-g portion boiling at 124–125° which was composed of 

(2S,3R)-1-bromo-2,3-dimethylcyclopropane at a purity of ca. 90% 

contaminated with several unidentified impurities. Some decomposition was 

observed during distillation. Pure (2S,3R)-1-bromo-2,3-dimethylcyclopropane 

was obtained by preparative GLC: 1H NMR δ 3.25-3.05 (m, 1 H), 1.10-0.95 (m, 

8 H). Anal. calcd for C5H9Br : C, 40.29; H, 6.09. Found: C, 40.38; H, 6.22. 

Detailed GLC analysis showed the presence of only trace amounts of 

anti-(2S,3S)-1-bromo-2,3-dimethylcyclopropane (~1.5%) in the reaction 

mixture. 

   

 

 

 

6.1.30. 1-Phenyl-2-Methyl-6-endo-ethyl-2-azabicyclo[3.1.0]hexane 
(Intramolecular Cyclopropanation via an in situ Generated Samarium 
Carbenoid) (78)  
Samarium powder (1.2–1.25 mmol), freshly distilled THF (5.5 mL), and 

1,2-diiodoethane (0.55 mmol) in a 10-mL two-necked flask equipped with a 

condenser were placed under argon atmosphere. Heating the mixture at 67° 
for 1 hour with magnetic stirring provided a samarium metal/samarium iodide 

mixed reagent (Sm/SmI2). To the mixture was added the alkene (1 mmol), and 

the resulting solution was stirred at 67° for 20 hours. After the reaction was 

complete, saturated NaHCO3 (40 mL) was added to the reaction mixture and 

the products were extracted with Et2O (3 × 20 mL). The combined extracts 

were dried ( MgSO4) and the solvent was evaporated. Purification by column 

chromatography on silica gel using hexane/ether (4/1) as an eluent (Rf = 0.6) 

provided 62 mg (0.31 mmol, 31%) of 

1-phenyl-2-Methyl-6-endo-ethyl-2-azabicyclo[3.1.0]hexane as a pale yellow oil: 

IR ( NaCl) 3023, 2960, 2870, 2842, 2788, 1601, 1579, 1493, 1446, 1303, 1279, 

1208, 1134, 1065, 890, 756, 698 cm–1; 1H NMR (270 MHz, CDCl3) δ 7.51-7.16 

(m, 5 H), 3.48 (ddd, J = 9.27, 9.27, 2.44 Hz, 1 H), 1.84-1.61 (m, 2 H), 2.65 

(q-like, 1 H), 2.42 (s, 3 H), 2.42-2.30 (m, 1 H), 2.02 (ddd, J = 7.32, 3.41, 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




2.44 Hz, 1 H), 1.51 (dd, J = 8.78, 8.79 Hz, 1 H), 1.41 (m, 1 H), 1.14 (t, 

J = 7.33 Hz, 3 H); 13C NMR (68 MHz, CDCl3) δ 143.53, 128.22, 128.04, 126.06, 

57.41, 56.59, 37.33, 32.72, 30.49, 24.94, 18.98, 15.36; LRMS (EI), m/z 201 

(M+, 13); HRMS calcd for C14H19N 201.1518, found 201.1530. 

   

 

 

 

6.1.31. 7-(4-Methoxyphenyl)bicyclo[4.1.0]heptane (Intermolecular 
Cyclopropanation via an in situ-Generated Zinc Carbenoid) (260)  
6.1.31.1. Preparation of the zinc amalgam 
Zinc powder (10 g, 0.153 mol) was added to a vigorously stirred solution of 

mercury(II) chloride (2.0 g, 7.2 mmol) and hydrochloric acid (0.5 mL, 10 M) in 

water (30 mL). The mixture was stirred for 10 minutes, the zinc filtered off then 

washed with water (75 mL), acetone (75 mL), ethanol (75 mL) and ether 

(75 mL). The amalgam was sieved, vacuum dried overnight and stored under 

argon atmosphere. 

6.1.31.2. Cyclopropanation reaction  
A solution of distilled p-methoxybenzaldehyde (0.229 mL, 1.88 mmol) in dry 

ether (1.8 mL) was added slowly via a motorized syringe pump over 36 hours 

to a vigorously stirred mixture of flame dried zinc amalgam (1.26 g, 18.8 mmol), 

dry ether (2 mL), cyclohexene (0.406 mL, 3.76 mmol), and 

1,2-bis(chlorodimethylsilyl)ethane (2.20 mL of a 1.28 M solution in ether, 

2.82 mmol) under argon at reflux. The cooled mixture was filtered through 

Celite and the separated zinc washed with ether (50 mL). The ethereal solution 

was washed with saturated aqueous sodium bicarbonate solution (2 × 40 mL), 

dried over MgSO4 and concentrated in vacuo. The crude residue was 

chromatographed [silica, light petroleum (b.p 30–40°)] twice to give the 

cyclopropane (0.364 g, 96%) (inseparable mixture of diastereoisomers. 15:1 

endo:exo by NMR and GC) as a colorless oil. IR ( NaCl, neat) 2999, 2930, 

2860, 1608, 1573, 1507, 1242, 1033 cm–1; 1H NMR (270 MHz, CDCl3) δ (endo) 

7.20 (2 H, dd, J = 8.8 and 2.9 Hz), 6.87 (2 H, dd, J = 8.8 and 2.9 Hz), 3.78 (3 H, 

s), 1.92-0.63 (11 H, m); m/z 202 (100%, M+). 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




7. Tabular Survey 

 

An effort has been made to tabulate all reported examples of Simmons-Smith 

cyclopropanation reactions (and variants) from 1973 until September 1999. 

Papers based on lectures given at a symposium or unpublished examples 

used in review articles are not included in this review; nor are articles written in 

languages other than French, German or English. No attempts were made to 

cover the patent literature. 

 

All tables are based on the carbon count of the alkene. Protecting groups and 

chiral auxiliaries are not included in the carbon count. A ketal is counted as the 

corresponding precursor (ketone or aldehyde) and if an allylic alcohol is linked 

to an auxiliary, only the ether side containing the double bond is included in the 

count. When two compounds have the same carbon count, the compounds are 

ordered by increasing hydrogen number. For a given substrate, entries are 

ordered following increasing substitution on the carbenoid used. 

 

Isolated yields of the combined cyclopropanes are included in parentheses 

and a dash indicates that no yield was reported. Where an enantiomeric 

(diastereomeric) excess or ratio is reported, it relates to the major product of a 

reaction. When polyenes are cyclopropanated, the ratio mono:bis refers to the 

selectivity toward formation of the monocyclopropanated adduct. The syn:anti 
ratio is put in brackets when the assignment of the asymmetric ratio was not 

made. Also, optimization trials for a given reaction protocol are not included. 

When a significant improvement in a specific reaction was developed, these 

results are tabulated as separate entries. Some examples are included in more 

than one table in order to facilitate the research of some substrates. Failure to 

cyclopropanate given substrates or miscellaneous reactions involving 

carbenoids are not included in the tabular survey. 

 

The following abbreviations have been used in the tables:  

5S-MEPY Methyl 2-pyrrolidine-5S-carboxylate 

15-C-5 15-crown-5 

Ac acetyl 

AIBN azobis(isobutyronitrile) 

BHT 2,6-di-tert-butyl-4-methylphenol 

Bn benzyl 

Boc tert-butyloxycarbonyl 

Bz benzoyl 

cat catalytic 
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conc concentration 

Cx cyclohexyl 

Dec decomposition 

DEE 1,2-diethoxyethane 

DET diethyl tartrate 

DMCx 1,2-dimethoxycyclohexane 

DME 1,2-dimethoxyethane 

EE 1-ethoxyethyl 

hex hexane 

MEM 2-methoxyethoxymethyl 

MOM methoxymethyl 

Ms methanesulfonyl 

MS molecular sieves 

na not appropriate 

nd not determined 

Np neopentyl 

PMB p-methoxybenzyl 

PMP p-methoxyphenyl 

PS polymer support 

Red-Al sodium bis(2-methoxyethoxy)aluminum hydride 

TBDMS tert-butyldimethylsilyl 

TBDPS tert-butyldiphenylsilyl 

TFA trifluoroacetic acid 

THP tetrahydropyranyl 

TIPS triisopropylsilyl 

TMS trimethylsilyl 

Tr trityl 

Ts p-toluenesulfonyl 

xs excess  
 

 

 

  

Table I. Cyclopropanation of Cyclic, Achiral Alkenes  
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Table II. Cyclopropanation of Cyclic, Achiral O- and N-Substituted 
Alkenes  
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Table III. Cyclopropanation of Acyclic, Achiral Alkenes  
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Table IV. Cyclopropanation of Acyclic, Achiral O- and N-Substituted 
Alkenes  
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Table V. Cyclopropanation of exo-Methylene Containing Compounds  
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Table VI. Cyclopropanation of Polyenes  

 

View PDF  
 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���������������




  

Table VII. Cyclopropanation of Cyclic, Chiral Alkenes  

 

View PDF  
 

  

Table VIII. Cyclopropanation of Acyclic, Chiral Alkenes  
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Table IX. Cyclopropanation of Chiral O- and N-Substituted Alkenes  
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Table X. Cyclopropanation of Allenes  
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Table XI. Cyclopropanation of Cyclic Alkenes Containing a Cleavable 
Chiral Auxiliary  
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Table XII. Cyclopropanation of Acyclic Alkenes Containing a Cleavable 
Chiral Auxiliary  
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