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Abstract

We report a dehydroboration process that can be coupled with chain-walking hydroboration to 

create a one-pot, contra-thermodynamic, short- or long-range isomerization of internal olefins 

to terminal olefins. This dehydroboration occurs by a sequence comprising activation with a 

nucleophile, iodination, and base-promoted elimination. The isomerization proceeds at room 

temperature without the need for a fluoride base, and the substrate scope of this isomerization 

is expanded over those of previous isomerizations we have reported with silanes.
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Graphical Abstract

Isomerizations of internal olefins to terminal olefins are endergonic and explored much 

less than their reverse reactions. Typically, contra-thermodynamic, positional olefin 

isomerizations1 are conducted by allylic functionalization, followed by defunctionalization 

with allylic transposition or by photodeconjugation.2 These strategies enable translocation of 

a double bond, but by a maximum of one carbon unit and often under harsh conditions.

Only a small number of long-range (through at least two carbon units), contra-

thermodynamic olefin isomerizations have been reported.3 Typically, these reactions form 

terminal olefins in low yields, low selectivities, or both. Because long-range, contra-

thermodynamic olefin isomerizations could enable the valorization of mixtures of internal 

olefins formed by catalytic cracking of heavy vacuum gasoil to constitutionally pure 

terminal olefins or the late-stage derivatization of complex molecules containing internal 

olefins to analogs containing terminal olefins for the remote installation of functional 

groups, our group has worked to develop mild contra-thermodynamic, long-range olefin 

isomerizations.

We have reported strategies for conducting such isomerizations through chain-walking 

hydrofunctionalization followed by dehydrofunctionalization.4 In theory, many systems 

for chain-walking hydrofunctionalization could be coupled to dehydrofunctionalizations 

to design such olefin isomerizations.5 However, few dehydrofunctionalizations have been 

developed.6

In 2019, we published a one-pot process for the selective, long-range isomerization of 

internal olefins to terminal olefins by platinum-catalyzed, chain-walking hydrosilylation, 

followed by a novel, formal dehydrosilylation (Scheme 1A).4b We also developed a catalytic 

dehydrosilylation (Scheme 1B).4a However, the substrate scope of these processes was 

limited by the strongly reducing conditions of the chain-walking hydrosilylation with 

trichlorosilane at elevated temperatures. Heteroatom-containing functional groups were not 

tolerated, and only hydrocarbons underwent the isomerization. In addition, excess CsF and 

elevated temperatures were required to conduct both types of dehydrosilylation. Therefore, 

we sought to develop new isomerization sequences involving alternative chain-walking 

hydrofunctionalizations and dehydrofunctionalizations.
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Conditions for chain-walking hydroboration are milder than those for chain-walking 

hydrosilylation with HSiCl3 and Speier’s catalyst.5b–e,7,8 We were particularly interested 

in several chain-walking hydroborations reported by Chirik (Scheme 1C)5c,d,9 because the 

catalysts for these reactions are capable of walking through methine units and because 

these hydroborations are conducted with pinacol boronic esters, which are particularly mild 

reagents.

Dehydroboration of boronic esters or acids is a rare reaction. Alkylboranes undergo 

acceptorless dehydroborations, as well as transfer dehydroborations with olefins and 

aldehydes.3a–c,10 However, alkylboranes are particularly reactive, and practical chain-

walking hydroborations that produce terminal alkylboranes, as opposed to terminal 

alkylboronic esters, from internal olefins have not been reported. Therefore, we sought to 

develop a mild method for dehydroboration of alkylboronic esters. Meek and co-workers 

reported a dehydroboration of β-alkoxy-gem-dipinacolato-alkyboronic esters involving 

palladium (Scheme 1D),11 but a dehydroboration of unactivated alkylboronic esters has not 

been developed.

We envisioned that alkylboronic esters could undergo dehydroboration through a sequence 

comprising activation of the boronic ester with a nucleophile, iodination, and base-promoted 

elimination (Scheme 1E). Until recently, halogenations of unactivated alkylboronic esters 

had only been reported with organolithiates as activating reagents.12 In the course of 

our studies, Renaud and co-workers reported a method for the radical bromination 

of unactivated alkylboronic esters with benzenesulfonyl bromide as the halogenating 

reagent.12e However, this reaction requires reagents, such as di-tert-butylhyponitrite, 

trimethylsilyl trifluoromethanesulfonate, methoxycatecholborane, benzenesulfonyl bromide, 

and S-phenyl benzenethiosulfonate, which might be deactivated by other reaction 

components from the chain-walking hydroboration step or might interfere with the 

elimination step of an overall isomerization, and iodinations were not reported. Therefore, 

we sought to develop a mild iodination of alkylpinacolboronic esters that might combine 

with chain-walking hydroboration to create a one-pot isomerization of internal olefins to the 

terminal isomers.

We began our studies on this isomerization by investigating the iodination of unactivated 

alkylboronic ester 2a (Table 1). We sought to identify a mild, inexpensive nucleophile 

capable of activating boronic esters for the desired cascade. After surveying a variety of 

nucleophiles (Table 1, entries 1–13), we identified KOMe as a suitable candidate. We 

found that alkyl iodide 3a formed in lower yields when the reaction was conducted with 

commercial KOMe than when conducted with KOMe prepared from free-flowing KH and 

anhydrous methanol (Table 1, entries 1–2; see SI for preparation), presumably because 

commercial alkoxides often contain impurities, such as carbonate, formate, and water, which 

can decrease yields and selectivities of reactions.13 Little or no product formed in the 

presence of various other oxygen (Table 1, entries 4–9), nitrogen (Table 1, entries 10–11), 

or hydride bases (Table 1, entry 13). However, alkyl iodide 3a formed in 78% yield in the 

presence of CsF (Table 11, entry 12).
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We discovered that adding an aliquot of KOtBu after the addition of I2 further increased 

the yield of alkyl iodide 3a (Table 11, entry 14) beyond that in entry 2 of Table 1. When 

the reaction was conducted with halogenating agents other than I2, alkyl halide 3a formed 

in lower yields (Table 1, entries 15–16). Temperature had little effect on the yield of alkyl 

iodide 3a (Table 1, entries 17–20). Alkyl iodide 3a formed in lower yields under conditions 

more dilute (Table 1, entry 21) than those in entry 14 of Table 1 and in lower yields with 

equivalents of KOMe or of I2 (Table 1, entries 23–24) greater than those in entry 14 of Table 

1. A delicate balance of equivalents of these two reagents is likely required to ensure the 

formation of alkyl iodide 3a in high yield, possibly due to the potential of iodine to oxidize 

potassium methoxide.

Having identified conditions for the iodination of alkylboronic ester 2a, we investigated the 

one-pot dehydroboration of alkylboronic ester 2a to produce terminal olefin 4a with KOtBu 

as the base (see Table S1 in the Supporting Information (SI) for details).

We also conducted the iodination of β-branched alkylboronic ester 2b to determine whether 

β branching inhibits the iodination process (see Scheme S1 in the SI for details). The 

iodination of alkylboronic ester 2b occurred in lower yield than that of alkylboronic ester 2a. 

However, repetition of the activation–iodination sequence significantly increased the yield.

We also sought to determine whether our newly developed dehydroboration of alkylboronic 

esters could be conducted on the crude products of chain-walking hydroborations to enable 

one-pot, contra-thermodynamic, positional olefin isomerizations. Therefore, we conducted 

the dehydroboration of alkylboronic ester 2a in the presence of various reagents used to 

conduct chain-walking hydroborations with catalysts C1 and C2 (see Table S2 in the SI for 

details). We found that HBpin and catalyst C1 inhibited the dehydroboration process (Table 

S3). Therefore, when conducting the dehydroboration portions of contra-thermodynamic 

olefin isomerizations, we added the KOMe, I2, and KOtBu portionwise, in series, over 

three iterations. As observed for the dehydroborations of purified β-branched boronic 

esters, the yields of dehydroborations conducted on the crude products of chain-walking 

hydroborations significantly increased upon adding the reagents in this fashion.

Having developed conditions for the dehydroboration of alkylboronic esters, we conducted 

olefin isomerizations. We initially investigated olefin isomerizations in which the chain-

walking hydroboration step was conducted in the presence of catalyst C1 (Scheme 2). We 

found that both hydrocarbon (olefins 1c, 1d, 1e, 1f, and 1g) and functionalized (olefin 1i) 
linear internal olefins reacted in good yields with excellent regioselectivities. The tolerance 

for the oxygen-containing benzyl ether in olefin 1i contrasts with the tolerance of only 

hydrocarbons of the previous olefin isomerizations we reported,4 because the conditions 

employed in these previous methods for hydrosilylation reduced even ethers. However, 

esters were not tolerated (olefin 1j).

Translocation of the double bond proceeded over as many as nine carbon units (olefin 1g). 

However, an isomerization through 18 methylene units (olefin 1h) proceeded in low yield 

and with low terminal:internal olefin selectivity, possibly due to the poor solubility of olefin 

1g in MTBE at room temperature. Olefins 4f and 4g were isolated cleanly in 68% and 64% 
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yield, respectively. Olefin 4i also was isolated in good yield and with good selectivity for the 

terminal olefin.

To conduct contra-thermodynamic olefin isomerizations in the presence of additional 

functional groups and on branched internal olefins, we investigated chain-walking 

hydroborations catalyzed by complex C2. Chirik initially developed catalyst C2,5c in which 

the cobalt precatalyst contains 16 valence electrons, and subsequently developed catalyst 

C1.5d Catalyst C1 is more active but tolerates fewer functional groups than catalyst C2. The 

low functional-group tolerance of catalyst C1, presumably, originates from the conversion of 

the precatalyst to a highly unsaturated cobalt boryl species containing 14 valence electrons 

that is deactivated by Lewis basic sites, such as oxygen lone pairs. Chirik also found 

that certain internal olefins in 6-membered rings often did not undergo hydroborations 

catalyzed by complex C1 because these olefins often reacted with the catalyst to form stable, 

endocyclic π-allyl complexes.5d

Thus, to achieve the olefin migrations of trisubstituted alkenes and alkenes containing an 

acetal group, we used complex C2 as the catalyst for the chain-walking hydroboration 

step (Scheme 3). Indeed, the overall isomerization occurred with trisubstituted internal 

olefins (olefins 1k and 1m), and acetal groups were tolerated (olefin 1l). We also found 

that (+)-α-pinene (olefin 1m) underwent isomerization to β-pinene (olefin 4m) with 3:1 

regioselectivity, albeit in moderate yield. Internal olefins are ubiquitous in terpenes, and an 

isomerization of these internal olefins to terminal olefins could enable the construction 

of a library of unnatural terpene analogs. The previous contra-thermodynamic olefin 

isomerizations we reported4 were incompatible with most terpenes because these molecules 

often underwent rearrangements as well as disproportionation to saturated and aromatic 

products at the elevated temperatures of Pt-catalyzed chain-walking hydrosilylation of 

trisubstituted olefins with trichlorosilane, a harsh reducing agent. The hydroboration 

protocol reported herein occurs under milder conditions, enabling the isomerization of 

terpenes to occur.

Finally, because of the value of catalyst C2 for chain-walking hydroboration, we developed 

a route to this catalyst in 5 steps in 22% overall yield, which is two fewer steps than the 

route reported in the literature, and 2.74 g of the cobalt-dichloride precursor was obtained 

(see SI for details).

In conclusion, we have combined a novel dehydroboration with chain-walking 

hydroboration to create a long-range, contra-thermodynamic isomerization of internal 

olefins to terminal olefins that proceeds at room temperature with a mild reagent for 

hydrofunctionalization and without fluoride bases. The substrate scope of the isomerization 

was expanded, relative to that of our previous isomerizations, to include heteroatom-

containing internal olefins and an example of a terpene.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Hanna et al. Page 5

Org Lett. Author manuscript; available in PMC 2023 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ACKNOWLEDGMENTS

Steven Hanna gratefully acknowledges Chevron for a predoctoral fellowship, and Trevor W. Butcher gratefully 
acknowledges the National Science Foundation Graduate Research Fellowship Program. We also acknolwedge the 
UC Berkeley NMR facility and the National Institutes of Health for providing funding for the cryoprobe for the 
AV-600 spectrometer under Grant S10OD024998.

Funding

This work was supported by the Director, Office of Science, U.S. Department of Energy, under Contract No. 
DE-AC02-05CH1123.

REFERENCES

(1)(a). Biswas S; Huang Z; Choliy Y; Wang DY; Brookhart M; Krogh-Jespersen K; Goldman 
AS Olefin Isomerization by Iridium Pincer Catalysts. Experimental Evidence for an η3-Allyl 
Pathway and an Unconventional Mechanism Predicted by DFT Calculations. J. Am. Chem. Soc. 
2012, 134, 13276. [PubMed: 22765770] (b)Larionov E; Li H; Mazet C Well-Defined Transition 
Metal Hydrides in Catalytic Isomerization. Chem. Commun. 2014, 50, 9816.(c)Crossley SWM; 
Barabé F; Shenvi RA Simple, Chemoselective, Catalytic Olefin Isomerization. J. Am. Chem. 
Soc. 2014, 136, 16788. [PubMed: 25398144] (d)Molloy JJ; Morack T; Gilmour R Positional 
and Geometrical Isomerisation of Alkenes: The Pinnacle of Atom Economy. Angew. Chem., 
Int. Ed. 2019, 58, 13654.(e)Scaringi S; Mazet C Kinetically Controlled Stereoselective Access 
to Branched 1,3-Dienes by Ru-Catalyzed Remote Conjugative Isomerization. ACS Catal. 2021, 
11, 7970.(f)Fiorito D; Scaringi S; Mazet C Transition metal-catalyzed alkene isomerization as 
an enabling technology in tandem, sequential and domino processes. Chem. Soc. Rev. 2021, 50, 
1391. [PubMed: 33295370] 

(2)(a). Harwood LM; Julia M A Convenient Synthesis of (+)-β-Pinene from (+)-α-Pinene. Synthesis 
1980, 1980, 456.(b)Min Y-F; Zhang B-W; Cao Y A New Synthesis of (−)-β-Pinene from 
(−)-α-Pinene. Synthesis 1982, 1982, 875.(c)Andrianome M; Häberle K; Delmond B Allyl-and 
benzylstannanes, new reagents in terpenic synthesis. Tetrahedron 1989, 45, 1079.(d)Eng SL; 
Ricard R; Wan CSK; Weedon AC Photochemical Deconjugation of α,β-Unsaturated Ketones. J. 
Chem. Soc., Chem. Commun. 1983, 236, 236.(e)Guignard RF; Petit L; Zard SZ A Method for 
the Net Contra-thermodynamic Isomerization of Cyclic Trisubstituted Alkenes. Org. Lett. 2013, 
15, 4178. [PubMed: 23924355] 

(3)(a). Brown H Isomerization of internal olefins to terminal olefins. US3173967A, 1965.(b)Brown 
HC; Bhatt MV; Munekata T; Zweifel G Organoboranes. VII. The Displacement Reaction with 
Organoboranes Derived from the Hydroboration of Cyclic and Bicyclic Olefins. Conversion 
of Endocyclic to Exocyclic Double Bonds. J. Am. Chem. Soc. 1967, 89, 567.(c)Brown 
HC; Bhatt MV Organoboranes. IV. The Displacement Reaction with Organoboranes Derived 
from the Hydroboration of Branched-Chain Olefins. A Contrathermodynamic Isomerization of 
Olefins. J. Am. Chem. Soc. 1966, 88, 1440.(d)Robert H; Allen RWL; Andrew D Overstreet 
Continuous Process for Preparing Aluminm 1-Alkyls and Linear 1-Olefins from Internal Olefins. 
US005274153A 1993.(e)de Klerk A; Hadebe SW; Govender JR; Jaganyi D; Mzinyati AB; 
Robinson RS; Xaba N Linear α-Olefins from Linear Internal Olefins by a Boron-Based 
Continuous Double-Bond Isomerization Process. Ind. Eng. Chem. Res. 2007, 46, 400.

(4)(a). Hanna S; Wills T; Butcher TW; Hartwig JF Palladium-Catalyzed Oxidative Dehydrosilylation 
for Contra-Thermodynamic Olefin Isomerization. ACS Catal. 2020, 10, 8736.(b)Hanna S; 
Butcher TW; Hartwig JF Contra-thermodynamic Olefin Isomerization by Chain-Walking 
Hydrofunctionalization and Formal Retro-hydrofunctionalization. Org. Lett. 2019, 21, 7129. 
[PubMed: 31424215] 

(5)(a). Yarosh OG; Zhilitskaya LV; Yarosh NK; Albanov AI; Voronkov MG Hydrosilylation of 
Cyclohexene, 1-Methylcyclohexene, and Isopropylidenecyclohexane. Russ. J. Gen. Chem. 
2004, 74, 1895.(b)Lata CJ; Crudden CM Dramatic Effect of Lewis Acids on the Rhodium-
Catalyzed Hydroboration of Olefins. J. Am. Chem. Soc. 2010, 132, 131. [PubMed: 19968306] 
(c)Obligacion JV; Chirik PJ Bis(imino)-pyridine Cobalt-Catalyzed Alkene Isomerization–
Hydroboration: A Strategy for Remote Hydrofunctionalization with Terminal Selectivity. J. Am. 

Hanna et al. Page 6

Org Lett. Author manuscript; available in PMC 2023 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chem. Soc. 2013, 135, 19107. [PubMed: 24328236] (d)Palmer WN; Diao T; Pappas I; Chirik 
PJ High-Activity Cobalt Catalysts for Alkene Hydroboration with Electronically Responsive 
Terpyridine and α-Diimine Ligands. ACS Catal. 2015, 5, 622.(e)Ogawa T; Ruddy AJ; Sydora 
OL; Stradiotto M; Turculet L Cobalt- and Iron-Catalyzed Isomerization–Hydroboration of 
Branched Alkenes: Terminal Hydroboration with Pinacolborane and 1,3,2-Diazaborolanes. 
Organometallics 2017, 36, 417.(f)Arthur P; England DC; Pratt BC; Whitman GM Addition 
of Hydrogen Cyanide to Unsaturated Compounds. J. Am. Chem. Soc. 1954, 76, 5364.(g)Vilches-
Herrera MV-H; Domke L; Börner A Armin Isomerization–Hydroformylation Tandem Reactions. 
ACS Catal. 2014, 4, 1706.(h)Seayad A; Ahmed M; Klein H; Jackstell R; Gross T; Beller M 
Internal olefins to linear amines. Science 2002, 297, 1676. [PubMed: 12215640] 

(6)(a). Kusumoto S; Tatsuki T; Nozaki K The Retro-Hydroformylation Reaction. Angew. Chem., 
Int. Ed. 2015, 54, 8458.(b)Fang X; Yu P; Morandi B Catalytic Reversible Alkene-Nitrile 
Interconversion Through Controllable Transfer Hydrocyanation. Science 2016, 351, 832. 
[PubMed: 26912891] (c)Bhawal BN; Morandi B Catalytic Transfer Functionalization through 
Shuttle Catalysis. ACS Catal. 2016, 6, 7528.(d)Bhawal BN; Reisenbauer JC; Ehinger C; 
Morandi B Overcoming Selectivity Issues in Reversible Catalysis: A Transfer Hydrocyanation 
Exhibiting High Kinetic Control. J. Am. Chem. Soc. 2020, 142, 10914. [PubMed: 32478515] 
(e)Murphy SK; Park J-W; Cruz FA; Dong VM Rh-Catalyzed C–C Bond Cleavage by Transfer 
Hydroformylation. Science 2015, 347, 56. [PubMed: 25554782] 

(7)(a). Pereira S; Srebnik M A study of hydroboration of alkenes and alkynes with pinacolborane 
catalyzed by transition metals. Tetrahedron Lett. 1996, 37, 3283.(b)Pereira S; Srebnik M 
Transition Metal-Catalyzed Hydroboration of and CCl4 Addition to Alkenes. J. Am. Chem. Soc. 
1996, 118, 909.

(8)(a). Cipot J; McDonald R; Stradiotto M New bidentate cationic and zwitterionic relatives of 
Crabtree’s hydrogenation catalyst. Chem. Commun. 2005, 4932.(b)Edwards DR; Crudden CM; 
Yam K One-Pot Carbon Monoxide-Free Hydroformylation of Internal Olefins to Terminal 
Aldehydes. Adv. Synth. Catal. 2005, 347, 50.(c)Cipot J; Vogels CM; McDonald R; Westcott SA; 
Stradiotto M Catalytic Alkene Hydroboration Mediated by Cationic and Formally Zwitterionic 
Rhodium(I) and Iridium(I) Derivatives of a P,N-Substituted Indene. Organometallics 2006, 25, 
5965.(d)Ghebreyessus KY; Angelici RJ Isomerizing-Hydroboration of the Monounsaturated 
Fatty Acid Ester Methyl Oleate. Organometallics 2006, 25, 3040.(e)Scheuermann ML; Johnson 
EJ; Chirik PJ Alkene Isomerization–Hydroboration Promoted by Phosphine-Ligated Cobalt 
Catalysts. Org. Lett. 2015, 17, 2716. [PubMed: 26010715] (f)Léonard NG; Palmer WN; 
Friedfeld MR; Bezdek MJ; Chirik PJ Remote, Diastereoselective Cobalt-Catalyzed Alkene 
Isomerization–Hydroboration: Access to Stereodefined 1,3-Difunctionalized Indanes. ACS Catal. 
2019, 9, 9034.(g)Hu M; Ge S Versatile cobalt-catalyzed regioselective chain-walking double 
hydroboration of 1,n-dienes to access gem-bis(boryl)alkanes. Nat. Commun. 2020, 11, 765. 
[PubMed: 32034153] 

(9). Obligacion JV; Chirik PJ Earth-abundant transition metal catalysts for alkene hydrosilylation and 
hydroboration. Nat. Rev. Chem. 2018, 2, 15. [PubMed: 30740530] 

(10)(a). Köster R Transformations of Organoboranes at Elevated Temperatures. Angew. Chem., Int. 
Ed. Engl. 1964, 3, 174.(b)Knights EF; Brown HC Cyclic hydroboration of 1,5-cyclooctadiene. 
A simple synthesis of 9-borabicyclo[3.3.1]nonane, an unusually stable dialkylborane. J. Am. 
Chem. Soc. 1968, 90, 5280.(c)Holliday AK; Ottley RP Reactions of trivinylborane with diboron 
tetrahalides: properties of some dihalogenoboryl(vinylboryl)ethanes. J. Chem. Soc. A 1971, 
886.(d)Chiu K-W; Negishi E-I; Plante MS; Silveria A An unusually facile dehydroboration 
of triorganoboranes formed by treatment of alkenyltrialkylborates with hydrochloric acid. J. 
Organomet. Chem. 1976, 112, C3.(e)Midland MM; Tramontano A; Zderic SA The reaction 
of B-alkyl-9-borabicyclo[3.3.1]nonanes with aldehydes and ketones. A facile elimination of 
the alkyl group by aldehydes. J. Organomet. Chem. 1978, 156, 203.(f)Midland MM; Petre 
JE; Zderic SA; Kazubski A Thermal reactions of B-alkyl-9-borabicyclo[3.3.1]nonane (9-BBN). 
Evidence for unusually facile dehydroboration with B-pinanyl-9-BBN. J. Am. Chem. Soc. 
1982, 104, 528.(g)Brown HC; Joshi NN Hydroboration of terpenes. 9. A simple improved 
procedure for upgrading the optical purity of commercially available alpha- and beta-pinenes. 
Conversion of (+)-alpha-pinene to (+)-beta-pinene via hydroboration-isomerization. J. Org. 
Chem. 1988, 53, 4059.(h)Laaziri H; Bromm LO; Lhermitte F; Gschwind RM; Knochel 

Hanna et al. Page 7

Org Lett. Author manuscript; available in PMC 2023 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



P A New Highly Stereoselective Rearrangement of Acyclic Tertiary Organoboranes:An 
Example of Highly Stereoselective Remote C–H Activation. J. .Am. .Chem. .Soc. 1999, 121, 
6940.(i)Knochel P; Boudier A; Bromm LO; Hupe E; Varela JA; Rodriguez A; Koradin 
C; Bunlaksananusorn T; Laaziri H; Lhermitte F Selective transformations mediated by main-
group organometallics. Pure Appl. Chem. 2000, 72, 1699.(j)Weliange NM; McGuinness DS; 
Patel J Thermal Dehydroboration: Experimental and Theoretical Studies of Olefin Elimination 
from Trialkylboranes and Its Relationship to Alkylborane Isomerization and Transalkylation. 
Organometallics 2014, 33, 4251.(k)Sakamoto Y; Amaya T; Suzuki T; Hirao T Palladium(II)-
Catalyzed Dehydroboration via Generation of Boron Enolates. Chem.—Eur. J. 2016, 22, 18686. 
[PubMed: 27734542] (l)Cornils B Dehydroboration. In Catalysis from A to Z. [Online]; Wiley: 
2020. DOI: 10.1002/9783527809080.cataz04896.(m)Yarolimek MR; Bookbinder HR; Coia BM; 
Kennemur JG Ring-Opening Metathesis Polymerization of δ-Pinene: Well-Defined Polyolefins 
from Pine Sap. ACS Macro Lett. 2021, 10, 760.

(11). Murray SA; Luc ECM; Meek SJ Synthesis of Alkenyl Boronates from Epoxides with Di-
[B(pin)]-methane via Pd-Catalyzed Dehydroboration. Org. Lett. 2018, 20, 469. [PubMed: 
29319323] 

(12)(a). Larouche-Gauthier R; Elford TG; Aggarwal VK Ate Complexes of Secondary Boronic Esters 
as Chiral Organometallic-Type Nucleophiles for Asymmetric Synthesis. J. Am. Chem. Soc. 2011, 
133, 16794. [PubMed: 21939203] (b)Larsen MA; Wilson CV; Hartwig JF Iridium-Catalyzed 
Borylation of Primary Benzylic C–H Bonds without a Directing Group: Scope, Mechanism, and 
Origins of Selectivity. J. Am. Chem. Soc. 2015, 137, 8633. [PubMed: 26076367] (c)Fu Z; Hao 
G; Fu Y; He D; Tuo X; Guo S; Cai H Transition metal-free electrocatalytic halodeborylation 
of arylboronic acids with metal halides MX (X = I, Br) to synthesize aryl halides. Organic 
Chemistry Frontiers 2020, 7, 590.(d)Cai Y; Tan D; Zhang Q; Lv W; Li Q; Wang H Synthesis 
of difluoromethylated benzylborons via rhodium(I)-catalyzed fluorineretainable hydroboration of 
gem-difluoroalkenes. Chin. Chem. Lett. 2021, 32, 417.(e)André-Joyaux E; Kuzovlev A; Tappin 
NDC; Renaud P A General Approach to Deboronative Radical Chain Reactions with Pinacol 
Alkylboronic Esters. Angew. Chem., Int. Ed. 2020, 59, 13859.

(13). Wethman R; Derosa J; Tran VT; Kang T; Apolinar O; Abraham A; Kleinmans R; Wisniewski 
SR; Coombs JR; Engle KM An Under-Appreciated Source of Reproducibility Issues in Cross-
Coupling: Solid-State Decomposition of Primary Sodium Alkoxides in Air. ACS Catal. 2021, 11, 
502.

Hanna et al. Page 8

Org Lett. Author manuscript; available in PMC 2023 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Development of a Long-Range, Contra-thermodynamic Olefin Isomerization through 

Hydroboration and Dehydroboration
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Scheme 2. Contra-thermodynamic Olefin Isomerizations in the Presence of Catalyst C1
Step 1: Internal olefin (0.640 mmol), HBpin (1.05 equiv), C1 (2 mol %), rt, 24 h, MTBE 

(640 μL). Step 2: KOMe (3 equiv), I2 (3 equiv), KOtBu (1.5 equiv), portionwise, 3 

iterations; KOtBu (5 equiv). aYield of terminal olefin determined 1H NMR spectroscopy 

with trichloroethylene as internal standard. bTerminal/internal ratio. cIsolated yield of 

terminal olefin. dWith 0.320 mmol of olefin, scaled accordingly. e5 mol % C1. f3 mol % C1. 
gStep 1 conducted over 72 h. hHydroboration, iodination, and elimination steps conducted at 

65 °C.
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Scheme 3. Contra-thermodynamic Olefin Isomerizations in the Presence of Catalyst C2
Step 1: Internal olefin (0.640 mmol), HBpin (1.05 equiv), C2 (3–7 mol %), rt, 24 h. Step 

2: KOMe (3–4 equiv), I2 (3–4 equiv), KOtBu (1.5–2 equiv), portionwise, 3–4 iterations; 

KOtBu (5–6 equiv). aYield of terminal olefin determined by 1H NMR spectroscopy with 

trichloroethylene as internal standard. bTerminal/internal ratio. cIsolated yield of terminal 

olefin. dStep 1 conducted at 50 °C for 72 h. eStep 1 conducted at 50 °C for 168 h. 
fHydroboration reaction mixture filtered over silica prior to dehydroboration. gWith 0.320 

mmol of internal olefin, reagents scaled accordingly.
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Table 1.

Iodination of Boronic Ester 2a
a

Entry Nucleophile Oxidant Temp Yield
b

1
KOMe

c I2 rt 50

2
KOMe

d I2 rt 86

3
KOMe

d
 + 18-c-6

I2 rt 89

4 KOtBu I2 rt 29

5 KOEt I2 rt 15

6 NaOMe I2 rt 5

7 KOH I2 rt 3

8 Cs2CO3 I2 rt 0

9 NaOAc I2 rt 0

10 LiNH2 I2 rt 8

11 KHMDS I2 rt 5

12 CsF I2 rt 78

13 KH I2 rt 0

14
KOMe

d
 + KOtBu

e I2 rt 93

15
KOMe

d
 + KOtBu

e NBS rt 37

16
KOMe

d
 + KOtBu

e NIS rt 0

17
KOMe

d
 + KOtBu

e I2 50 88

18
KOMe

d
 + KOtBu

e I2 65 85

19
KOMe

d
 + KOtBu

e I2 80 86

20
KOMe

d
 + KOtBu

e I2 100 77

21
KOMe

d
 + KOtBu

e,f I2 rt 81

22
KOMe

d
 + KOtBu

e,g I2 rt
63

h

23
KOMe

d
 + KOtBu

e,i I2 rt 12

24
KOMe

d
 + KOtBu

e,j I2 rt 16

a
Conditions: Nucleophile (2 equiv), THF (100 μL), 15 min, rt; Oxidant (2 equiv), THF (100 μL), 15 min, rt.

b
Determined by GC.

c
Commercial bottle.

d
Prepared form KH, see SI for details.

e
Entries 14–24: KOtBu (1 equiv), THF (100 μL), added 15 min after I2, 1 h, rt, see SI for details.
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f
At low concentration, an additional 900 μL of THF was added with the KOMe.

g
Long reaction time, 24 h after the addition of KOtBu.

h
Some olefin formed by elimination.

i
4.0 equiv KOMe.

j
4.0 equiv of I2.
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