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Scheme 1. Interrupting the Zweifel olefination. 
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However, this reaction still has its limitations, for when severe steric hindrance is present it 

lowers the rate of boronate complex formation leading to organolithium reagent decomposition 

and thus resulting in lower yields of the desired products.18 An example of this phenomenon 

was recently reported by Aggarwal and coworkers when they tried to perform a Matteson 

homologation on a tertiary boronic ester that possessed an adjacent quaternary centre.20 The 

reaction was unsuccessful, returning starting material 45 every time (Scheme 7).    
 

 

Scheme 7. Attempted transformation via Matteson homologation to a boronic ester bearing an adjacent 

quaternary centre.20 
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Scheme 12. Zweifel olefination reaction of vinyl boranes.8, 9 

 

In 1971 Zweifel revealed, through the use of diastereomerically pure vinyl borane 82, that the 

Zweifel olefination proceeds with retention of configuration of the 2-methylcyclohexyl 

migrating group, granting access to the trans-1-methyl-2-(cis-1-hexenyl)cyclohexane 84 in 

70% yield (Scheme 13i).28  The authors also mentioned that the hydroboration of disubstituted 

alkynes yields the alkenyl borane 86 by placing the boron adjacent to the least hindered carbon, 

rendering the overall transformation highly regiospecific (Scheme 13ii).   
 

 

Scheme 13. Use of enantiomerically pure migrating groups on boron.28 
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Scheme 15. Alkynylation of boranes.9, 30 

 

Cis-trans dienes can also be synthesised via the Zweifel olefination reaction (Scheme 16).31 

The reaction mechanism proceeds in the same fashion as previously described (Scheme 12). 

To ensure absolute control over which group migrates, trimethylamine oxide is added to 

intermediate 101 which chemoselectively oxidises the thexyl group of divinylthexyl borane 

101. Oxidation decreases the already low migratory aptitude of the thexyl group even further 

thus competing migration between this group and the vinyl group is avoided and the sole 

product is the cis,trans-1,3-butadiene 103. 

 

 

Scheme 16. Synthesis of cis,trans-1,3-dienes from alkynes.9, 31 
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1.2.2.2.2. Vinyl Grignard reagents 

Several reports of the use of unsubstituted vinyl lithium with tertiary boronic esters were 

published in the following years (e.g. Scheme 21i).18 However, the risks associated with the 

use of the highly toxic tetravinyl tin precursor to synthesise the vinyl lithium rendered the 

methodology unappealing.9,37   

 

As a result, Aggarwal and coworkers  investigated the commercially available and bench stable 

vinyl Grignard reagent to offer an alternative for the introduction of an unsubstituted vinyl 

group to organoboronic esters.18, 38  When directly replacing the vinyl lithium with the Grignard 

reagent a 70:30 mixture of starting boronic ester 135 and tri-vinyl ate complex 138 were 

observed via 11B NMR analysis (Scheme 21ii), delivering the desired alkene 139 in only 26% 

yield.  

 

 

Scheme 21. Using a vinyl Grignard reagent in the Zweifel olefination.9, 18, 39 
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Increasing the amount of vinyl Grignard from 1.0 eq. to 4.0 eq. led to quantitative tri-substituted 

borane ate-complex 138 formation, which, upon iodination and treatment with NaOMe/MeOH 

furnished desired alkene 139 in 66% yield, with complete enantiospecificity (Scheme 21ii).18 

Interestingly, mono-vinylated boronate complex 136 was never observed by 11B NMR 

analysis. The formation of tri-vinyl boronate complex 138 was attributed to the high Lewis 

acidity of Mg2+ cation, leading to over-addition of the vinyl Grignard to boronic ester 135 and 

expulsion of a pinacol-Mg species (Scheme 21ii).9 The selectivity of the migration of 

zwitterion 140 owes to the lower migratory ability of the vinyl group compared to the alkyl 

group.40  

   

Vinyl magnesium chloride behaved in exactly the same manner as vinyl magnesium bromide, 

granting quantitative access to the tri-vinyl boronate complex 145 (Table 1, Entry 3) when 4.0 

equivalents were used and furnishing the desired olefin 146 in 96% yield.38 Unfortunately, such 

vast excesses of vinyl Grignard limited functional group compatibility on application to more 

complicated substrates.  

 

Entry M Eq. Solvent System 
Ratio 

143/144/145 

Yield 146 

/ % 

1 Li 2.0 THF 0:100:0 94 

2 MgCl 1.0 THF >67:0:<33 37 

3 MgCl 4.0 THF 0:0:100 96 

4 MgCl 1.2 1:1 THF:DMSO 0:100:0 93 (89) 

Table 1. Improvements to the Zweifel olefination methodology employing vinyl Grignard.9, 38 
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1.2.2.6. Zweifel olefination in natural product synthesis 

The synthetic utility of the Zweifel olefination in total synthesis has been showcased in the 

synthesis of various pharmaceuticals and complex natural products.9, 27  

 

Complex terpenoid natural product 204 (solanoeclepin A) was stereoselectively synthesised by 

Hiemstra and coworkers in 2016 (Scheme 27).47 A Zweifel-type olefination was employed to 

introduce a terminal olefin utilising conditions reported by Aggarwal18 (Section 1.2.2.2.2, 

Scheme 21). 

 

 

Scheme 27. Vinyl Grignard reagent used in the Zweifel-type olefination of organoboronic ester 201 towards the 

total synthesis of solanoeclepin A. Adapted from Armstrong et al.9 

 

Negishi and coworkers utilised a Zweifel-type olefination in the total synthesis of scyphostatin 

for the introduction of a trisubstituted olefin (Scheme 28).9, 48 Disubstituted vinyl pinacol 

boronic ester 205 and methyl lithium were combined to give boronate complex 206, which 

upon iodination, treatment with base and deprotection furnishes 207 in 76% yield from 205 

and excellent E-selectivity of the olefin moiety.  
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isomeric E-alkene 227 (Scheme 31).51 It is remarkable that simple modifications to the reaction 

conditions can give stereodivergent outcomes with complete control.52  
 

 

Scheme 31. Stereodivergent olefination of boronic esters.51 

 

A key limitation of the traditional Zweifel olefination to give 1,2-disubstituted alkenes is that 

to achieve the desired anti-elimination two large groups must come closer together (223) 

(Scheme 31).52 Thus, when the steric hindrance is severe, the undesired syn-elimination (224) 

occurs competitively, resulting in poorer Z/E selectivity. A particularly noteworthy feature of 

this alternative PhSeCl-mediated reaction is that the selectivity towards anti-elimination is 

improved with hindered substrates, as syn-elimination is limited due to the poorer leaving 

group ability of the selenide compared to the iodide.  
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Scheme 45. Plausible mechanisms for the formation of the silane radical via A. photocatalytic initiation and B. 

thermal initiation and subsequent subjection of the generated silane radical into the radical propagation chain. 
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Figure 1. 11 B NMR analysis of boronate complex formation. i. NMR recorded 15 minutes after vinyl Grignard 

addition, using the conditions listed in Table 3, Entry 3. ii. NMR recorderd 15 minutes after vinyl Grignard 

addition, using the conditions listed in Entry 5. 

 

  

i. 

ii. 
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Figure 2. 11 B NMR analysis of boronate complex formation. i. with DMSO as co-solvent. ii. without DMSO as 

co-solvent. 
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doubly homologated primary boronic ester 9.77 The radical propagation chain then could 

terminate either by disproportionation or radical to radical recombination.65 

 

 

Scheme 67. Reaction mechanism for the 1,2-boryl radical shift. 
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To probe the radical mechanism, cyclopropane boronic ester derivative 340 was subjected to 

the reaction conditions.  Internal alkene peaks were detected by 1H NMR, with no cyclopropane 

or terminal alkene peaks observed, suggesting that products 342 and 343 were not formed 

(Scheme 69).   Further evidence for the formation of alkene 345 was found via GC-MS analysis 

of the crude reaction mixture.  

 

Scheme 69. Proof that the reaction proceeds via a radical mechanism. 
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Phenethyl boronic ester 1, our model substrate for the reaction optimization, and benzylic 

boronic ester 335 reacted well under the reaction conditions. Both proceeded with successful 

isolations of the desired products 9 and 338 in excellent yields (Scheme 70). Phenyl boronic 

esters appear to be prone to elimination and thus only afforded low yielding products for the 

interrupted Zweifel reaction such as 346 and 1. Cyclohexyl (347) and menthol (348) derived 

doubly homologated products were also synthesized under our model reaction conditions, 

however, these two substrates had challenging isolations which will be discussed in detail in 

the next section.     

 

 

Scheme 70. Initial substrates for the scope comprising of primary, secondary and phenyl derivatives of boronic 

esters. 
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3.4.3. Problems with purification of the product boronic esters 

Isolation of product 347 via column chromatography afforded a 57% isolated yield, in contrast 

to the suggested 91% yield observed by 1H NMR analysis. 2D TLC analysis revealed instability 

of the product on silica gel (Figure 5).  

 

Isobe and coworkers reported in 2012 that in various instances, problems with FCC with 

normal silica arise due to over-adsorption of compounds onto the silica gel.79 This issue was 

noted to affect pinacol boronic ester derivatives and they postulated that nucleophilic moieties 

present in the silica gel are interacting with the vacant p orbital of the boron atom. The authors 

hoped that by impregnating the silica gel with boric acid, suppression of such interactions 

occurring with their boronic ester compounds would be achieved. The end-result would be both 

faster elution times and higher recovery of product from the column. We therefore probed the 

use of boric acid-impregnated silica gel for the successful isolation of our boronic ester 

products. 

 

 

Figure 5. TLC plates for the crude 347 run in 95:5 pentane/Et2O and dipped in p-anisaldehyde stain. TLC plate 

that has been impregnated with boric acid (left), normal silica TLC plate (middle), 2D TLC (right). Immobile 

spot on the untreated plate reveals over-adsorption, as mentioned by Isobe.79 
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Isolation of 347 using boric acid-impregnated silica gel afforded an 85% isolated yield from a 

96% NMR yield. Two attempts were necessary to ensure that the product was clean. The first 

column, using 95:5 pentane/Et2O as the solvent system, delivered the product contaminated 

with non-identified impurities. TLC analysis revealed multiple spots that were not previously 

present in the crude product TLC. We speculated that impurities were eluting from the column 

due to the boric acid-impregnated silica gel stationary phase. For the second attempt, the 

column was first flushed with pentane and then the compound loaded in pentane.  

 

Despite this purification method proving effective, Isobe and coworkers noted some exceptions 

in which the boric acid-impregnated silica gel caused the undesired over-adsorption and hence, 

the untreated silica behaved better.79 Menthol derivative 348 was found to be an example of 

such a substrate. An isolated yield of 51% was observed using normal silica gel versus a 37% 

isolated yield acquired using boric acid-impregnated silica gel.  

 

3.4.4. Problems with the vinyl lithium reagent  

With the commencement of the substrate scope, it quickly became apparent across several 

substrates that the reaction was proceeding without complete consumption of starting material. 

This led to challenging purifications, owing to the similar polarities of the starting material and 

the double homologated product. It was suspected that the quality of vinyl lithium was the 

cause. Repeating the titration of vinyl lithium against N-benzyl benzamide demonstrated an 

unexpected colour change from colorless to yellow and subsequently dark brown upon addition 

of a large excess of vinyl lithium (Figure 6). This led to the conclusion that this batch of vinyl 

lithium was of poor quality, and so was the reason residual starting material was returned 

during the scope. 
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Figure 6. Titration revealing faulty vinyl lithium (performed by PhD student Vanessa Juba). 

 

Figure 7. Step by step synthesis of vinyl lithium from tetravinyl tin and n-BuLi, neat, rt. Impurities removed by 

hexane washings. 

 

Figure 8. Titration of vinyl lithium against N-benzyl benzamide at 0 °C (ice water bath), 100 mg N-benzyl 

benzamide and 0.1 M THF was used. 
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Figure 9. How vinyl lithium changes appearance over time. Colourless for 8 days (left), yellow by day 10 

(middle), two-months old (right). 

It was subsequently discovered that using 95% pure tetravinyl tin (purchased from Acros) to 

synthesize the vinyl lithium led to a poorer conversion for our reaction in comparison to vinyl 

lithium synthesized by using 97% pure tetravinyl tin (purchased from Merck). This observation 

was corroborated by distillation of the 95% pure reagent before synthesis of the vinyl lithium, 

which led to an improvement in the yield of the interrupted Zweifel reaction.  

 

3.4.5. Outlook  

2D TLC analysis revealed that many of our products are unstable on normal silica gel (vide 

supra). The low polarity of our desired products leads to longer elution times when purifying 

via column chromatography since in order to get good separation we need a long column (i.e. 

a large amount of silica is required), leading to unacceptable levels of decomposition. This 

decomposition can be subverted partly via the use of boric acid-impregnated silica gel. 

However, this frequently leads to poorer separation of the desired product and the starting 

material.    
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The optimized reaction conditions were also applied to vinyl boronic ester using hexyl lithium 

to deliver the desired product in a satisfactory yield (Scheme 72). 

 

 

Scheme 72. Optimized reaction conditions for the reaction between vinyl lithium and organoboronic ester 

applied to vinyl boronic ester and organolithium reagent. 304 was purified with boric acid-impregnated silica 

gel. 

 

3.4.8. Limitations of the substrate scope  

Although for many substrates the conditions using 1.1 eq. vinyl lithium proved to be successful 

and furnished the desired product in high yields, for some substrates it proved troublesome. In 

particular, extensive investigation into the model reaction was carried out (Table 9) since, once 

1 was subjected to the new optimized conditions (with 1.1 eq. vinyl lithium), not only there 

was there a 10% drop in the NMR yield of 9 (Entry 2), there was also an increase in the amount 

of unreacted starting material (1). This was an unexpected result, since we anticipated that by 

using a slight excess of vinyl lithium, more of the olefin (6) would be formed.  
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Figure 10. Boron NMR sample of the reactions described in Table 9. 

 

This led us to suspect that starting material was re-formed via the 1,2-metallate rearrangement 

(at the iodonium ion stage) by occurring at the less substituted carbon of the iodonium ion 3 

(Scheme 73). This could possibly trigger elimination instead of 1,2-metallate rearrangement 

to re-form the phenethyl boronic ester 1 and form vinyl iodide as a by-product. 

 

 

Scheme 73. Proposed mechanism for the re-formation of the starting material. 
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Scheme 74. Failed substrates/substrates that require further investigations. 
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5. Ongoing and Future Work  

Whilst the breadth of the substrate scope to date is significant, a few desirable substrate classes 

remain uninvestigated, including benzylic boronic esters and those featuring saturated 

nitrogen-containing heterocycles (Figure 11).  

 

 

Figure 11. Proposed additional boronic ester substrates. 

 
Extension of our methodology to encompass substituted vinyl lithium reagents could provide 

access to new substitution patterns in the product boronic esters (Scheme 76).  

 

 

Scheme 76. Extension to substituted vinyl lithium reagents and organoboronic esters. 

 

Additionally, using unsubstituted and substituted vinyl boronic esters and commercially 

available organolithium reagents to provide access to a variety of boronate complexes could 

further extend the scope of this transformation (Scheme 77).  
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6.2.1.2.1. Titration of vinyl lithium  

 

Vinyl lithium (in THF) was added dropwise to a solution of N-benzyl benzamide (106 mg, 

0.500 mmol) in dry THF (5.00 mL) in a Schlenk flask under a nitrogen atmosphere at 0 °C 

until a faint blue colour persisted.  

 

Note: the end point of the titration does not appear rapidly and once the end-point has been 

reached the solution will slowly develop (over 3 to 5 min) a deep blue or purple colour. If a 

deep blue or purple colour is not observed by this time the solution invariably reverts to a 

colourless appearance, indicating that the end point of the titration has not been reached. 

 

Note: Since vinyl lithium was only used in a stoichiometric amount (1.0 eq.) or in a slight 

excess (1.1 eq.), constant investigations into its stability as a stock solution were carried out 

throughout the duration of this project. Literature findings supported that vinyl lithium could 

be stored for up to a week under inert atmosphere in the freezer.72 It was thus synthesised every 

7 to 10 days to ensure that its quality remained good for all experiments. Further investigations 

revealed that titrations on day 1 and 13 had the same concentration thus we were confident that 

it can be stored for at least 2 weeks. Titration after 25 days revealed a huge drop in the 

concentration (0.49 M in THF vs. 0.69 M in THF). From this can be inferred that by keeping it 

in the freezer, under nitrogen for two to three weeks is feasible without compromising the 

reliability of the reagent. 
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Note: Other purification methods were attempted for this substrate (Figure 13). Product 356 

was originally synthesized in 74% NMR yield. Being unstable on silica (as indicated by 2D 

TLC analysis), FCC with boric acid-impregnated silica gel (98:2 pentane/Et2O) was firstly 

attempted but, unfortunately, a lot of mixed fractions were obtained. Other solvent systems 

were trialed by TCL but did not look promising enough for FCC to be attempted.  

 

 

Figure 13. Kugelrohr (bulb to bulb distillation) apparatus. 

 

Whilst the high temperatures required for this distillation could possibly lead to degradation of 

our product, we subjected the mixed fractions to Kugelrohr distillation in an attempt to get a 

purified sample of 356 (Figure 13). A clean NMR of product 356 in 54% isolated yield was 

acquired. Since we had purification issues with the normal silica used in FCC we hoped that 

we could possibly purify our boronic esters by directly subjecting the crude material to 

Kugelrohr distillation only. However, once attempted, we were disappointed to find out that 

other impurities were dragged along with our product in almost all the bulbs (e.g. olefin, 

recovered starting material, silane by-product), impurities that had to be removed via FCC 

before subjecting the almost purified product to Kugelrohr.  

 

In conclusion, a combination of FCC and Kugelrohr were necessary to deliver a very clean 

NMR for 356 since it achieved the removal of the starting material and the minor silane 

impurity, however it depressed our isolated yield to a great extent (54% isolated yield from 

74% NMR yield). These problems were successfully addressed by switching to 1.1 eq. vinyl 

lithium and thus allowed the successful isolation of 356 only by purifying via FCC with boric 

acid-impregnated silica gel (76% isolated yield from 77% NMR yield). 

  



















 113 

Spectral Appendix  

1H NMR (CDCl3, 400 MHz) spectrum of 1 (see procedure) 

 
13C NMR (CDCl3, 101 MHz) spectrum of 1 (see procedure)
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1H NMR (CDCl3, 400 MHz) spectrum of 9 (see procedure) 

 
13C NMR (CDCl3, 101 MHz) spectrum of 9 (see procedure)
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1H NMR (CDCl3, 400 MHz) spectrum of 356 (see procedure) 

 
13C NMR (CDCl3, 101 MHz) spectrum of 356 (see procedure) 
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1H NMR (CDCl3, 400 MHz) spectrum of 359 (see procedure) 

 
13C NMR (CDCl3, 101 MHz) spectrum of 359 (see procedure) 
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1H NMR (CDCl3, 400 MHz) spectrum of 354 (see procedure) 

 
13C NMR (CDCl3, 101 MHz) spectrum of 354 (see procedure) 
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