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ABSTRACT 
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Cyclopropanes are commonly found throughout synthetic and natural biologically active 

compounds. The Simmons–Smith cyclopropanation reaction is one of the most useful methods for 

converting an alkene into a cyclopropane. Zinc carbenoids are the active intermediate in the 

reaction, capable of delivering the methylene unit to a broad variety of substrates. Significant 

advances have been made in the field to increase overall efficiency of the reaction including the 

use of diethyl zinc as a precursor and allylic alcohols as directing groups.  

Despite the many notable contributions in zinc carbenoid chemistry, persistent limitations 

of the Simmons–Smith reaction still exist. Zinc carbenoids exhibit poor steric discrimination in 

the presence of a polyolefin with minimal electronic bias. Additionally, due to the electrophilic 

nature of zinc carbenoid intermediates, the reaction performs inefficiently with electron-deficient 

olefins. Finally, alkyl-substituted zinc carbenoids are known to be quite unstable, limiting the 

potential for substituted cyclopropanation reactions.  

In this work, we demonstrate that cobalt catalysis can be utilized to access novel 

cyclopropane products through the activation of dihaloalkanes. The content of this thesis will focus 

on the limitations of Zn carbenoid chemistry and addressing them with cobalt catalyzed, reductive 

cyclopropanations. In addition to this reactivity, we also demonstrate the 

dimethylcyclopropanation of activated alkenes to furnish valuable products applicable to natural 

product synthesis and pharmaceutically relevant compounds. Finally, we will show the unique 

character of the cobalt catalyzed cyclopropanation reaction through mechanistic experiments and 

characterization of reaction intermediates. In whole, these studies offer a complementary method 

to zinc carbenoid chemistry in producing novel and diverse cyclopropane products.  
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 REGIOSELECTIVE SIMMONS–SMITH TYPE 

CYCLOPROPANATIONS OF POLYALKENES ENABLED BY 

TRANSITION METAL CATALYSIS 

Reproduced with permission from Werth, J. W.; Uyeda, C.; Chem. Sci. 2018, 9, 1604-1609 (DOI: 

10.1039/C7SC04861K). Copyright 2018 Royal Society of Chemistry. 

1.1 Abstract 

A [i-PrPDI]CoBr2 complex (PDI = pyridine-diimine) catalyzes Simmons–Smith-type 

reductive cyclopropanation reactions using CH2Br2 in combination with Zn. In contrast to its non-

catalytic variant, the cobalt-catalyzed cyclopropanation is capable of discriminating between 

alkenes of similar electronic properties based on their substitution patterns: monosubstituted > 1,1-

disubstituted > (Z)-1,2- disubstituted > (E)-1,2-disubstituted > trisubstituted. This property enables 

synthetically useful yields to be achieved for the monocyclopropanation of polyalkene substrates, 

including terpene derivatives and conjugated 1,3-dienes. Mechanistic studies implicate a carbenoid 

species containing both Co and Zn as the catalytically relevant methylene transfer agent. 

1.2 Introduction 

Cyclopropanes are common structural elements in synthetic and natural biologically active 

compounds. The Simmons– Smith cyclopropanation reaction was first reported over half a century 

ago but remains today one of the most useful methods for converting an alkene into a cyclopropane. 

As compared to diazomethane, which is shock sensitive and must be prepared from complex 

precursors, CH2I2 is both stable and readily available, making it an attractive methylene source. 

Additionally, the stereospecificity of the Simmons–Smith reaction allows diastereomeric 

relationships in cyclopropanes to be established with a high degree of predictability. Several 

advances have addressed many of the limitations of the initial Simmons– Smith protocol. For 

example, Et2Zn can be used in the place of Zn to more reliably and quantitatively generate the 

active carbenoid reagent. Acidic additives, such as CF3CO2H4 and substituted phenols, have been 

found to accelerate the cyclopropanation of challenging substrates. Finally, Zn carbenoids bearing 

dialkylphosphate anions or bipyridine ligands are sufficiently stable to be stored in solution at low 

temperatures (Fig. 1).  
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Figure 1.1 Factors governing alkene selectivity in Zn carbenoid-mediated cyclopropanation 

reactions. Cobalt-catalyzed reductive cyclopropanation exhibiting high regioselectivities in 

polyalkene substrates based on alkene substitution patterns. 

 

 

Despite the many notable contributions in Zn carbenoid chemistry, a persistent limitation of 

Simmons–Smith-type cyclopropanations is their poor selectivity when attempting to discriminate 

between multiple alkenes of similar electronic properties. For example, the terpene natural product 

limonene possesses a 1,1-disubstituted and a trisubstituted alkene. Friedrich reported that, under a 

variety of Zn carbenoid conditions, the two alkenes are cyclopropanated with similar rates, 

resulting in mixtures of monocyclopropanated (up to a 5:1 ratio of regioisomers) and 

dicyclopropanated products. This issue is exacerbated by the challenge associated with separating 

the two monocyclopropane regioisomers, which only differ in the position of a non-polar CH2 

group. In general, synthetically useful regioselectivities in Simmons–Smith reactions are only 

observed for substrates containing directing groups. 

In principle, catalysis may provide an avenue to address selectivity challenges in Simmons–

Smith-type cyclopropanations; however, unlike diazoalkane transfer reactions, which are 

catalyzed by a broad range of transition metal complexes, there has been comparatively little 

progress toward the development of robust catalytic strategies for reductive cyclopropanations. 

Lewis acids in substoichiometric loadings have been observed to accelerate the Simmons–Smith 
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reaction, but in many cases, this rate effect is restricted to allylic alcohol substrates. Recently, our 

group described an alternative approach to catalyzing reductive cyclopropanation reactions using 

a transition metal complex that is capable of activating the dihaloalkane reagent by C–X oxidative 

addition. A dinickel catalyst was shown to promote methylene and vinylidene transfer using 

CH2Cl2 and 1,1-dichloroalkenes in combination with Zn as a stoichiometric reductant. Here, we 

describe a mononuclear [PDI]Co (PDI = pyridine-diimine) catalyst that imparts a high degree of 

steric selectivity in the cyclopropanation of polyalkene substrates. Mechanistic studies suggest that 

the key intermediate responsible for methylene transfer is a heterobimetallic conjugate of Co and 

Zn. 

1.3 Regioselectivity Experiments Using Zn and Al Carbenoid Reagents 

4-Vinyl-1-cyclohexene contains a terminal and an internal alkene of minimal electronic 

differentiation and thus provided a suitable model substrate to initiate our studies (Table 1). Under 

standard CH2I2/Et2Zn conditions (entry 1), there is a modest preference for cyclopropanation of 

the more electron-rich disubstituted alkene (rr = 1:6.7) with increasing amounts of competing 

dicyclopropanation being observed at higher conversions (entries 2 and 3). Other modifications to 

the conditions, including the use of a Brønsted acid (entry 4) or a Lewis acid additive (entry 5), 

did not yield any improvements in selectivity. Likewise, an Al carbenoid generated using CH2I2 

and AlEt3 afforded a similar preference for cyclopropanation of the endocyclic alkene (entry 6).  
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Table 1.1 Comparison Studies. aReaction conditions: 4-vinylcyclohexene (0.14 mmol), CH2Cl2 

(1.0 mL), 24 h, 22 C. Yields and ratios of regioisomers were determined by GC analysis against 

an internal standard. 

 

 

 

entry reaction conditions yield 

 (3 + 4) 

rr 

(3:4) 

yield 

5 

1 CH2I2 (1.0 equiv), Et2Zn (0.5 equiv) 28% 1:6.7 3% 

2 CH2I2 (1.0 equiv), Et2Zn (1.0 equiv) 33% 1:4.6 5% 

3 CH2I2 (2.0 equiv), Et2Zn (2.0 equiv) 53% 1:6.5 16% 

4 CH2I2 (1.0 equiv), Et2Zn (1.0 equiv), 

3,5-difluorobenzoic acid (2.0 equiv) 

28% 1:3.5 19% 

5 CH2I2 (2.0 equiv), Et2Zn (2.0 equiv), 

TiCl4 (0.2 equiv) 

13% 1:4.6 1% 

6 CH2I2 (1.2 equiv), AlEt3 (1.2 equiv) 38% 1:3.1 9% 

 

1.4 Catalyst Comparison Studies 

In a survey of transition metal catalysts, the [i-PrPDI]CoBr2 complex 1 was identified as a 

highly regioselective catalyst for the cyclopropanation of 4-vinyl-1-cyclohexene, targeting the less 

hindered terminal alkene (Table 2). CH2Br2 and Zn alone do not afford any background levels of 

cyclopropanation (entry 1); however, the addition of 6 mol% [i-PrPDI]CoBr2 (1) provided 

monocyclopropane 3 (81% yield) with a >50:1 rr and <1% of the dicyclopropane product (entry 

5). The steric profile of the catalyst appears to be critically important for yield. For example, the 

mesityl- (entry 6) and phenyl-substituted variants (entry 7) of the ligand provided only 58% and 

4% yield respectively under the same reaction conditions. Related N-donor ligands similarly 

afforded low levels of conversion (entries 8–12) as did the use of other first-row transition metals, 

including Fe (entry 14) and Ni (entry 15), in the place of Co.  
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Table 1.2 Catalyst Comparison Studies. aReaction conditions: 4-vinylcyclohexene (0.14 mmol), 

THF (1.0 mL), 24 h, 22 C. Yields and ratios of regioisomers were determined by GC analysis 

against an internal standard. 

 

 

 

entry metal source ligand yield 

 (3 + 4) 

rr 

(3:4) 

yield 5 

1 – – <1% – <1% 

2 CoBr2 – <1% – <1% 

3 Co(DME)Br2 – <1% – <1% 

4 – i-PrPDI <1% – <1% 

5 CoBr2 i-PrPDI 81% >50:1 <1% 

6 CoBr2 MePDI 58% >50:1 <1% 

7 CoBr2 PhPDI 4% – <1% 

8 CoBr2 i-PrDAD <1% – <1% 

9 CoBr2 i-PrIP 2% – <1% 

10 CoBr2 terpy 4% – <1% 

11 CoBr2 t-BuPyBOX <1% – <1% 

12 CoBr2 PhPyBOX <1% – <1% 

13 (PPh3)2CoBr2 – <1% – 0% 

14 FeBr2 i-PrPDI 3% – <1% 

15 NiBr2 i-PrPDI <1% – <1% 
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1.5 Competition Experiments 

In order to define the selectivity properties of catalyst 1, we next conducted competition 

experiments using alkenes bearing different patterns of substitution (Figure 2). Reactions were 

carried out using an equimolar amount of each alkene and run to full conversion of the limiting 

CH2Br2 reagent (1.0 equiv). Monosubstituted alkenes are the most reactive class of substrates using 

1 but are not adequately differentiated from 1,1-disubstituted alkenes (3:1). By contrast, terminal 

alkenes are significantly more reactive than internal alkenes, providing synthetically useful 

selectivities (≥31:1). Furthermore, a model Z-alkene was cyclopropanated in preference to its E-

alkene congener in a 33:1 ratio. Using catalyst 1, trisubstituted alkenes are poorly reactive, and no 

conversion is observed for tetrasubstituted alkenes. 

 

 

 

Figure 1.2 Intermolecular competition experiments probing selectivity based on alkene 

substitution patterns. Reactions were conducted using a 1:1:1 molar ratio of the two alkene 

starting materials and CH2Br2. 
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1.6 Substrate Scope for Regioselective Cyclopropanation 

The synthetic applications of the catalytic regioselective cyclopropanation were examined 

using the terpene natural products and derivatives shown in Figure 3. In all cases, the selectivity 

properties follow the trends established in the competition experiments. Substrates containing 

ether or free alcohol functionalities (e.g., 7, 10, and 11) exhibit a strong directing group effect 

under classical Simmons–Smith conditions; however, catalyst 1 overrides this preference and 

targets the less hindered alkene. Additionally, the presence of electron-deficient α,β-unsaturated 

carbonyl systems (e.g., 9, 13, and 14) do not perturb the expected steric selectivity.  

 

 

Figure 1.3 Catalytic regioselective monocyclopropanations of terpene natural products and 

derivatives. Isolated yields following purification are averaged over two runs. 

 

Vinylcyclopropanes are a valuable class of synthetic intermediates that engage in catalytic 

strain-induced ring-opening reactions. The monocyclopropanation of a diene represents an 

attractive approach to their synthesis but would require a catalyst that is capable of imparting a 

high degree of regioselectivity and avoiding secondary additions to form dicyclopropane products. 

These challenges are addressed for a variety of diene classes using catalyst 1 (Figure 4). Over the 

substrates that we have examined, the selectivities for cyclopropanation of the terminal over the 
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internal double bond of the diene system are uniformly high. Additionally, the catalyst is tolerant 

of vinyl bromide (15) and vinyl boronate (23) functional groups, which are commonly used in 

cross-coupling reactions. 

 

 

 

Figure 1.4 Catalytic regioselective monocyclopropanations of 1,3-dienes Isolated yields 

following purification are averaged over two runs. 

 

1.7 Mechanistic Experiments 

Like the non-catalytic Simmons–Smith reaction, the cyclopropanation using 1 is 

stereospecific within the limit of detection, implying a mechanism in which the two C–C σ-bonds 

are either formed in a concerted fashion or by a stepwise process that does not allow for single 

bond rotation. For example, cyclopropanation of the Z-alkene 24 affords the cis-disubstituted 

cyclopropane 25 in 95% yield as a single diastereomer (Figure 5a). Furthermore, the 

vinylcyclopropane substrates 26 and 28, commonly used as tests for cyclopropylcarbinyl radical 

intermediates, react without ring-opening to afford products 27 and 29 (Figure 5b).  
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Figure 1.5 Mechanistic studies probing the concertedness of cyclopropane formation. 

 

In order to decouple the cyclopropanation steps of the mechanism from catalyst turnover, 

we conducted stoichiometric reactions with the isolated [i-PrPDI]CoBr complex in the absence of 

Zn (Figure 6c). The reaction of 30 with 4-vinylcyclohexene and CH2Br2 generates the  

[i-PrPDI]CoBr2 complex 1 within 24 h at room temperature but forms cyclopropanated products in 

a relatively low combined yield of 26%, which is not commensurate with the efficiency of the 

catalytic process. Furthermore, the regioselectivity is only 3:1, whereas the catalytic 

cyclopropanation achieves a >50:1 selectivity for this substrate. When the same stoichiometric 

reaction is conducted in the presence of ZnBr2, the yield and selectivity of the catalytic process is 

fully restored.  

The Co-containing product (31) of the stoichiometric reaction in the presence of ZnBr2 is 

green, which is notably distinct from the tan color of the [i-PrPDI]CoBr2 complex 1. This green 

species is NMR silent but may be crystallized from saturated solutions in Et2O to afford 31 (Figure 

6f). The solid-state structure reveals the expected [i-PrPDI]CoBr2 fragment in a distorted square 

pyramidal geometry (τ5 = 0.36) with a Zn(THF/Et2O)Br2 Lewis acid coordinated to one of the Br 

ligands. This interaction induces an asymmetry in the structure, causing the Co–Br1 distance 

(2.557(1) Å) to be elongated relative to the Co–Br2 distance (2.358(2) Å). 

 Collectively, these studies suggest that both Co and Zn are present in the reactive carbenoid 

intermediate, and that ZnBr2 may interact with the [i-PrPDI]Co complex through Lewis acid-base 

interactions. There is a notable similarity between the observed Co/Zn effect and previous studies 
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of Lewis acid acceleration in the Simmons–Smith cyclopropanation. For example, Zn carbenoid 

reactions are known to be accelerated by the presence of ZnX2,
12c which is generated as a 

byproduct of the reaction. DFT calculations conducted by Nakamura have suggested that the origin 

of this rate acceleration may be due to the accessibility of a five-membered ring transition state, 

which requires the presence of an additional Zn equivalent to function as a halide shuttle.  
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Figure 1.6 Mechanistic studies probing the nature of the active carbenoid intermediate. (a) 

Identification of the catalyst resting state. (b) Cyclic voltammetry data for the [i-PrPDI]CoBr2 

complex. (c) Stoichiometric cyclopropanation reactions using the [i-PrPDI]CoBr2 complex in the 

absence and presence of ZnBr2. (d) A proposed Co/Zn carbenoid species. (e) Proposed dinuclear 

mechanism for the Lewis acid-accelerated Simmons–Smith reaction. (f) Solid-state structure for 

the [i-PrPDI]CoBr2Zn(THF/Et2O)Br2 complex (31). The solvent molecule bound to Zn is 

disordered between Et2O and THF. Only the THF-bound molecule is shown for clarity.  
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1.8 Conclusion 

In summary, transition metal catalysis provides a pathway to accessing unique selectivity in 

reductive carbenoid transfer reactions. A [i-PrPDI]CoBr2 complex functions as a robust catalyst for 

Simmons–Smith type cyclopropanation using a CH2Br2/Zn reagent mixture. This system exhibits 

the highest regioselectivities that have been observed in reductive cyclopropanations based solely 

on the steric properties of the alkene substrate. Accordingly, a range of terpenes and conjugated 

dienes may be converted to a single monocyclopropanated product. Ongoing studies are directed 

at exploring the applications of transition metal catalysts to other classes of carbenoid transfer 

reactions. 

1.9 References 

(1) (a) J. Salaun and M. Baird, Curr. Med. Chem., 1995, 2, 511– 542; (b) W. A. Donaldson, 

Tetrahedron, 2001, 57, 8589– 8627; (c) L. A. Wessjohann, W. Brandt and T. Thiemann, 

Chem. Rev., 2003, 103, 1625–1648; (d) N. A. Meanwell, J. Med. Chem., 2011, 54, 2529–

2591; (e) D. Y. K. Chen, R. H. Pouwer and J.-A. Richard, Chem. Soc. Rev., 2012, 41, 

4631–4642. 

(2)  (a) H. E. Simmons and R. D. Smith, J. Am. Chem. Soc., 1958, 80, 5323–5324; (b) H. E. 

Simmons and R. D. Smith, J. Am. Chem. Soc., 1959, 81, 4256–4264; (c) A. B. Charette 

and A. Beauchemin, Org. React., 2001, 58, 1–415.  

(3)  (a) J. Furukawa, N. Kawabata and J. Nishimura, Tetrahedron Lett., 1966, 7, 3353–3354; 

(b) J. Furukawa, N. Kawabata and J. Nishimura, Tetrahedron, 1968, 24, 53–58.  

(4) (a) Z. Yang, J. C. Lorenz and Y. Shi, Tetrahedron Lett., 1998, 39, 8621–8624; (b) J. C. 

Lorenz, J. Long, Z. Yang, S. Xue, Y. Xie and Y. Shi, J. Org. Chem., 2004, 69, 327–334.  

(5)  A. B. Charette, S. Francoeur, J. Martel and N. Wilb, Angew. Chem., Int. Ed., 2000, 39, 

4539–4542.  

(6)  A. Voituriez, L. E. Zimmer and A. B. Charette, J. Org. Chem., 2010, 75, 1244–1250.  

(7)  A. B. Charette, J.-F. Marcoux, C. Molinaro, A. Beauchemin, C. Brochu and E. Isabel, ´ J. 

Am. Chem. Soc., 2000, 122, 4508– 4509.  

  



20 

 

 

(8)  There is some conflicting data in the literature regarding the regioselectivity of Zn 

carbenoid addition to limonene; however, the most recent and comprehensive studies have 

found that mixtures of regioisomers are formed and that the product ratios depend on the 

reaction conditions: (a) S. D. Koch, R. M. Kliss, D. V. Lopiekes and R. J. Wineman, J. Org. 

Chem., 1961, 26, 3122–3125; (b) H. E. Simmons, E. P. Blanchard and R. D. Smith, J. Am. 

Chem. Soc., 1964, 86, 1347–1356; (c) E. C. Friedrich and F. NiyatiShirkhodaee, J. Org. 

Chem., 1991, 56, 2202–2205.  

(9)  (a) A. H. Hoveyda, D. A. Evans and G. C. Fu, Chem. Rev., 1993, 93, 1307–1370; (b) H. 

Lebel, J.-F. Marcoux, C. Molinaro and A. B. Charette, Chem. Rev., 2003, 103, 977–1050.  

(10)  (a) H. Nozaki, S. Moriuti, M. Yamabe and R. Noyori, Tetrahedron Lett., 1966, 7, 59–63; 

(b) M. P. Doyle, Chem. Rev., 1986, 86, 919–939; (c) M. P. Doyle, M. A. McKervey and 

T. Ye, Modern catalytic methods for organic synthesis with diazo compounds, Wiley, 1998; 

(d) H. Pellissier, Tetrahedron, 2008, 64, 7041–7095.  

(11)  Photoredox catalysts for reductive cyclopropanation reactions: (a) A. M. del Hoyo, A. G. 

Herraiz and M. G. Suero, Angew. Chem., Int. Ed., 2017, 56, 1610–1613; (b) A. M. del 

Hoyo and M. Garc´ıa Suero, Eur. J. Org. Chem., 2017, 2017, 2122–2125. 

 (12)  (a) H. Takahashi, M. Yoshioka, M. Ohno and S. Kobayashi, Tetrahedron Lett., 1992, 33, 

2575–2578; (b) A. B. Charette and C. Brochu, J. Am. Chem. Soc., 1995, 117, 11367–11368; 

(c) S. E. Denmark and S. P. O'Connor, J. Org. Chem., 1997, 62, 584–594; (d) A. B. Charette, 

C. Molinaro and C. Brochu, J. Am. Chem. Soc., 2001, 123, 12168–12175; (e) H. Shitama 

and T. Katsuki, Angew. Chem., Int. Ed., 2008, 47, 2450– 2453; (f) J. Balsells and P. J. 

Walsh, J. Org. Chem., 2000, 65, 5005–5008.  

(13)  J. Long, H. Du, K. Li and Y. Shi, Tetrahedron Lett., 2005, 46, 2737–2740.  

(14)  Y.-Y. Zhou and C. Uyeda, Angew. Chem., Int. Ed., 2016, 55, 3171–3175. 

(15)  S. Pal, Y.-Y. Zhou and C. Uyeda, J. Am. Chem. Soc., 2017, 139, 11686–11689.  

(16)  Seminal studies and selected reviews of catalytic reactions using (PDI)Co complexes: (a) 

B. L. Small, M. Brookhart and A. M. A. Bennett, J. Am. Chem. Soc., 1998, 120, 4049– 

4050; (b) G. J. P. Britovsek, V. C. Gibson, S. J. McTavish, G. A. Solan, A. J. P. White, D. 

J. Williams, G. J. P. Britovsek, B. S. Kimberley and P. J. Maddox, Chem. Commun., 1998, 

849–850; (c) V. C. Gibson, C. Redshaw and G. A. Solan, Chem. Rev., 2007, 107, 1745–

1776; (d) C. Bianchini, G. Giambastiani, L. Luconi and A. Meli, Coord. Chem. Rev., 2010, 

254, 431–455; (e) Z. Flisak and W.-H. Sun, ACS Catal., 2015, 5, 4713–4724; (f) P. J. 

Chirik, Angew. Chem., Int. Ed., 2017, 56, 5170–5181.  

(17)  U. Burger and R. Huisgen, Tetrahedron Lett., 1970, 11, 3057– 3060.  

(18)  E. C. Friedrich, S. E. Lunetta and E. J. Lewis, J. Org. Chem., 1989, 54, 2388–2390.  



21 

 

(19) K. Maruoka, Y. Fukutani and H. Yamamoto, J. Org. Chem., 1985, 50, 4412–4414.  

(20)  (a) T. Hudlicky, T. M. Kutchan and S. M. Naqvi, Org. React., 1985, 33, 247–335; (b) J. E. 

Baldwin, Chem. Rev., 2003, 103, 1197–1212; (c) T. Hudlicky and J. W. Reed, Angew. 

Chem., Int. Ed., 2010, 49, 4864–4876; (d) Y. Gao, X.-F. Fu and Z.-X. Yu, in CC Bond 

Activation, Springer, 2014, pp. 195– 231; (e) L. Souillart and N. Cramer, Chem. Rev., 2015, 

115, 9410–9464.  

(21)  A. J. Anciaux, A. Demonceau, A. F. Noels, R. Warin, A. J. Hubert and P. Teyssi´e, 

Tetrahedron, 1983, 39, 2169– 2173.  

(22)  M. J. Humphries, K. P. Tellmann, V. C. Gibson, A. J. P. White and D. J. Williams, 

Organometallics, 2005, 24, 2039–2050.  

(23)  (a) E. Nakamura, A. Hirai and M. Nakamura, J. Am. Chem. Soc., 1998, 120, 5844–5845; 

(b) M. Nakamura, A. Hirai and E. Nakamura, J. Am. Chem. Soc., 2003, 125, 2341–2350. 

  



22 

 

 COBALT-CATALYZED REDUCTIVE 
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2.1 Abstract 

Dimethylcyclopropanes are valuable synthetic targets that are challenging to access in high 

yield using Zn carbenoid reagents. Here, we describe a cobalt-catalyzed variant of the Simmons–

Smith reaction that enables the efficient dimethylcyclopropanation of 1,3-dienes using a 

Me2CCl2/Zn reagent mixture. The reactions proceed with high regioselectivity based on the 

substitution pattern of the 1,3-diene. The products are vinylcyclopropanes, which serve as 

substrates for transition-metal catalyzed ring-opening reactions, including 1,3-rearrangements and 

[5 + 2]-cycloadditions. Preliminary studies indicate that moderately activated monoalkenes are 

also amenable to dimethylcyclopropanation under the cobalt-catalyzed conditions. 

2.2 Introduction 

Geminal dimethylation is a common substitution pattern in polycyclic terpene natural 

products. Medicinal chemists have also explored the installation of dimethyl groups in biologically 

active compounds as a strategy to improve their potency or to eliminate metabolic liabilities. There 

are now over 50 clinically approved pharmaceutical compounds that feature these motifs (Figure 

1). The presence of gem-dimethylation in a target compound introduces significant synthetic 

complexity in that a hindered tetrasubstituted carbon atom must be generated. The most common 

routes utilize classical carbonyl chemistry and entail either a double α-alkylation reaction or a 

double addition of a methyl nucleophile to a carboxylic acid derivative. 
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Figure 2.1 Rings containing gem-dimethyl groups, including dimethylcyclopropanes, are found 

in biologically active compounds of natural and synthetic origins. 

 

It is attractive to consider an alternative approach based on the formation of 

dimethylcyclopropanes, which are themselves common in biologically active compounds but may 

also be diversified into other frameworks through strain-induced ring-opening reactions. The 

Simmons–Smith reaction is potentially well-suited to addressing these structures; however, it is 

known that the efficiency of Zn carbenoid-based cyclopropanations decreases significantly when 

using disubstituted gem-dihaloalkanes. For example, the addition of 2,2-diiodopropane under 

Furukawa conditions has only been demonstrated for two simple substrates, cyclopentene and 

cyclohexene, which provide yields up to 59% after a reaction time of 5 days. A notable advance 

in this area was reported by Charette, who showed that directing group effects can be leveraged to 

achieve a high-yielding dimethylcyclopropanation of allylic alcohols. Additionally, the Corey–

Chaykovsky-type dimethylcyclopropanation of α,β-unsaturated carbonyl compounds has been 

developed (Figure 2).  
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Figure 2.2 (a) Simmons–Smith-type dimethylcyclopropanation reactions of allylic alcohols and 

Corey–Chaykovsky dimethylcyclopropanation reactions of α,β-unsaturated carbonyl compounds. 

(b) Transition metal catalyzed reductive dimethylcyclopropanation reactions of 1,3-dienes and 

ring-opening reactions to generate 5- and 7-membered rings. (c) Proposed mechanism for a 

transition metal catalyzed reductive dimethylcyclopropanation reaction. 

2.3 Catalyst Optimization 

We recently found that [PDI]Co (PDI = pyridine–diimine) complexes function as catalysts 

for Simmons–Smith-type cyclopropanation reactions and generate a reactive carbene equivalent 

of significantly altered selectivity properties from Zn carbenoids. Motivated by this finding, we 

became interested in using transition metal catalysis to address the dimethylcyclopropanation 

reaction. Here, we report a cobalt-catalyzed dimethylcyclopropanation of 1,3-dienes using 

Me2CCl2/Zn as a source of isopropylidene equivalents. 

The [2,6-i-PrPDI]CoBr2 complex was previously shown to be an effective catalyst for 

cyclopropanation reactions using CH2Br2/Zn; however, it afforded negligible yields in the 

analogous reactions using Me2CCl2/Zn (Table 1, entry 7). We reasoned that the more hindered 
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dimethylcarbene fragment may require the steric profile of the PDI ligand to be correspondingly 

adjusted. Accordingly, a series of ligands was prepared by varying the size of the flanking aryl 

substituents (L1–L4). The 2-t-BuPh derived catalyst was identified as being optimal (entry 4), and 

the dimethylcyclopropanation of a model 1,3-diene (1) provided 2 in 93% yield as a single 

regioisomer. Zn is not capable of directly activating Me2CCl2, and in the absence of the Co catalyst, 

there is no conversion (entry 1). Despite the fact that ZnCl2 is generated as a stoichiometric 

byproduct, the presence of ZnBr2 at the start of the reaction provided a modest beneficial effect on 

yield (entry 14). ZnBr2 accelerates the initial reduction of the yellow Co(II) complex to a violet 

Co(I) species, which is then capable of activating Me2CCl2. Finally, other classes of bidentate and 

tridentate ligands containing combinations of pyridine and imine donors were ineffective relative 

to PDI (entries 10–13). As a point of comparison, the non-catalytic dimethylcyclopropanation of 

1 under Furukawa-type Simmons–Smith conditions (I2CMe2/Et2Zn) provided 2 in a moderate 

yield of 45% along with several inseparable side products (see Supporting Information for 

experimental details).  
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Table 2.1 Catalyst Optimization Studies. Reactions were run on a 0.14 mmol scale of the 1,3-

diene in THF (1 mL). Yields of 2 were determined by GC analysis against an internal standard. 
[b] Modifications from standard conditions: without ZnBr2. 

[c] Modifications from standard 

conditions: 1.1 equiv of Me2CCl2. 
[d] Modifications from standard conditions: 2.0 equiv of 

Me2CBr2. 

 

 

 

entry metal source ligand yield 2 

1 – – < 1 

2 – 2-t-BuPDI (L1) < 1 

3 CoBr2 – < 1 

4 CoBr2 2-t-BuPDI (L1) 93 

5 CoBr2 2,4,6-MePDI (L2) 77 

6 CoBr2 3,5-t-BuPDI (L3) 8 

7 CoBr2 2,6-i-PrPDI (L4) 2 

8 NiBr2 2-t-BuPDI (L1) 5 

9 FeBr2 2-t-BuPDI (L1) 4 

10 CoBr2 2,6-i-PrIP (L5) 2 

11 CoBr2 2,6-i-PrDAD (L6) <1 

12 CoBr2 bpy (L7) 4 

13 CoBr2 terpy (L8) 1 

14[b] CoBr2 2-t-BuPDI (L1) 87 

15[c] CoBr2 2-t-BuPDI (L1) 78 

16[d] CoBr2 2-t-BuPDI (L1) 79 
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2.4 Substrate Scope Exploration 

With optimized conditions in hand, we next evaluated the substrate scope of the 

dimethylcyclopropanation reaction (Figure 3). A variety of 1-substituted, 1,2-disubstituted, and 

1,3-disubstituted dienes are viable substrates. In all cases, cyclopropanation occurs at the terminal 

double bond with high regioselectivity (rr >19:1). Notably, there is no detectable secondary 

cyclopropanation of the product alkene despite the presence of excess Me2CCl2 and Zn in the 

reaction mixture. Common functional handles for further synthetic elaboration are tolerated, 

including a protected amine (8), BPin group (9), ester (13), and a free alcohol (18). The activation 

of Me2CCl2 by the Co catalyst is relatively facile such that aryl chlorides (4) present in the substrate 

are tolerated. The TBS-protected variant of Danishefsky’s diene afforded a protected 

cyclopropanol derivative in high yield (14). 

Unlike the Simmons–Smith reaction, the cobalt-catalyzed process is relatively insensitive to 

the electronic properties of the diene. For example, the presence of an electron-withdrawing group, 

such as a phosphonate ester (11), a ketone (12), or an ester (13), does not significantly decrease 

the rate of the reaction nor does it result in poor yields of the product. Additionally, the cobalt 

catalyst does not appear to interact strongly with alcohol directing groups. The diene 16 is 

selectively monocyclopropanated at the terminal double bond (rr = >19:1) as expected based solely 

on steric considerations. By contrast, Furukawa-type conditions using I2CMe2/Et2Zn afford 

selectivity for the internal double bond, which is proximal to the alcohol.  

Synthetic ethyl chrysanthemate is prepared on industrial scales by the addition of ethyl 

diazoacetate to 2,5-dimethyl-2,4-hexadiene.  A limitation of this process is that the cyclopropane 

is formed as a mixture of cis and trans diastereomers, whereas natural pyrethrins are found only 

with the trans relative stereochemistry. Using the cobalt-catalyzed cyclopropanation, ethyl (E)-5-

methyl-2,4-hexadienoate reacts at the less hindered internal alkene with >19:1 trans selectivity 

(19). This approach was applied to the synthesis of the commercial pesticide phenothrin (20) and 

unnatural pyrethrin analogues that contain other alkyl (25), cycloalkyl (21–23), or aryl (24) 

substituents in the place of the terminal methyl groups.  
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Figure 2.3 Substrate scope studies. [a] Standard reaction conditions: 0.14 mmol scale of the 1,3-

diene (1.0 equiv), Me2CCl2 (2.0 equiv), Zn (2.0 equiv), ZnBr2 (1.0 equiv), [2-t-BuPDI]CoBr2 (3) 

(10 mol%), and THF (1 mL); 22 °C for 24 h. [b] Simmons–Smith reaction conditions: ZnEt2 (4.0 

equiv), I2CMe2 (4.0 equiv), and CH2Cl2 (1.0 mL). [c] Modifications to standard conditions: DCE 

(1.0 mL) instead of THF, Me2CBr2 (2.0 equiv) instead of Me2CCl2.  
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We considered the possibility that the vinyl cyclopropane products generated by this 

method might serve as substrates for transition metal-catalyzed ring-opening reactions; however, 

it was unknown at the outset whether the steric hindrance imposed by a gem-dimethyl group would 

be tolerated. Vinylcyclopropane 26 was prepared from the corresponding 1,3-diene precursor in 

98% yield. Heating 26 at 60 °C for 12 h in the presence of a IPr/Ni(COD)2 catalyst provided the 

rearranged vinylcyclopentene product 27 in 65% yield. The position of the alkene in 27 indicates 

that only the less hindered C–C bond is activated by the catalyst.  

A substrate containing both a 1,3-diene and an isolated alkene was cyclopropanated under 

the cobalt-catalyzed conditions to yield a single regioisomer of the monocyclopropane product 

(28). When 28 was subjected to the Rh-catalyzed [5 + 2]-cycloaddition conditions developed by 

Wender, the bicyclic product 29 was formed in 77% yield. Like the 1,3-rearrangement reaction, 

the ring-opening proceeds with high regioselectivity to furnish a single isomer of the product. 

Finally, it was of interest to test whether the catalytic conditions developed for the 

dimethylcyclopropanation of 1,3-dienes could be applied to isolated alkenes. Simple, unactivated 

alkenes such as 1-octene or cyclohexene were unreactive (<2% yield); however, substrates 

possessing a moderate degree of strain proved to be viable. For example, cyclopentene is 

cyclopropanated in 87% yield under the standard optimized conditions (30). This result represents 

a significant improvement in yield and reaction time over the only previously reported attempt to 

carry out this transformation (45% yield after 5 days using I2CMe2/Et2Zn). Additionally, 

cyclooctene (31), indene (32), and norbornene (33) react in high yield. In the latter case, the exo-

addition product is formed exclusively. N-Boc-2,5-dihydropyrrole (34) is cyclopropanated in 90% 

yield to generate 35, which is a protected precursor to the HCV protease inhibitor boceprevir. The 

process-scale route to this bicyclic amine consists of a multi-step sequence in which the gem-

dimethylcyclopropane unit is ultimately derived from ethyl chrysanthemate.  
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Figure 2.4 Dimethylcyclopropanations of activated alkenes, including applications to the 

synthesis of a boceprevir precursor and an analogue of carbamazepine. Standard 

dimethylcyclopropanation conditions: 0.14 mmol scale of the 1,3-diene (1.0 equiv), Me2CCl2 

(2.0 equiv), Zn (2.0 equiv), ZnBr2 (1.0 equiv), [2-t-BuPDI]CoBr2 (3) (10 mol%), and THF (1 mL); 

22 °C for 24 h. 

 

In summary, cobalt catalysis enables the synthesis of dimethylcyclopropanes that were not 

previously accessible in high yield using the Simmons–Smith reaction. In particular, the 

regioselective dimethylcyclopropanation of 1,3-dienes yields polysubstituted vinyl cyclopropanes, 

which participate in strain-induced ring-opening reactions. Moderately activated monoalkenes are 

also cyclopropanated efficiently to generate building blocks for medicinal chemistry. These studies 

collectively highlight the unique properties of transition metal carbenoids over their Zn 

counterparts as reactive species in cyclopropanation chemistry.    
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 1 

1. General Information 

 
General considerations. All manipulations were carried out using standard Schlenk or 

glovebox techniques under an atmosphere of N2. THF was dried and degassed by passing through 

a column of activated alumina and sparging with Ar gas. CDCl3 was purchased from Cambridge 

Isotope Laboratories, Inc., degassed, and stored over activated 3 Å molecular sieves prior to use. 

All other reagents and starting materials were purchased from commercial vendors and used 

without further purification unless otherwise noted. PDI ligands and the [i-PrPDI]CoBr2 complex 1 

were synthesized according to reported methods.1,2 Liquid reagents were degassed and stored over 

activated 3 Å molecular sieves prior to use. Zn powder (325 mesh, 99.9%) and CoBr2 were 

purchased from Strem. CoBr2 was dried in the oven and stored in the glovebox. 

 

Physical methods. 1H and 13C{1H} NMR spectra were collected at room temperature on a 

Varian INOVA 300 MHz spectrometer or a Bruker Avance 500 MHz spectrometer. 1H and 13C{1H} 

NMR spectra are reported in parts per million relative to tetramethylsilane, using the residual 

solvent resonances as an internal standard. High‐resolution mass data were obtained using an 

Agilent 6320 Trap LC/MS, Agilent 5975C GC/MS, or Thermo Electron Corporation MAT 95XP-

Trap. ATR‐IR data were collected on a Thermo Scientific Nicolet Nexus spectrometer. Elemental 

analysis was performed by Midwest Microlab (Indianapolis, IN).  

 

X-ray crystallography. Single-crystal X-ray diffraction studies were carried out at the Purdue 

University X-ray crystallography facility. 

Procedure for XRD data collected using the Bruker Quest instrument (Cu Source). Single 

crystals of were coated with mineral oil and quickly transferred to the goniometer head of a Bruker 

Quest diffractometer with kappa geometry, an I-μ-S microsource X-ray tube, laterally graded 

multilayer (Goebel) mirror single crystal for monochromatization, a Photon2 CMOS area detector 

and an Oxford Cryosystems low temperature device. Examination and data collection were 

performed with Cu K radiation (λ = 1.54178 Å) at 150 K. Data were collected, reflections were 

indexed and processed, and the files scaled and corrected for absorption using APEX3.3 

Structure Solution and Refinement. The space groups were assigned and the structures were 

solved by direct methods using XPREP within the SHELXTL suite of programs4 and refined by 

full matrix least squares against F2 with all reflections using Shelxl20165 using the graphical 

interface Shelxle.6 If not specified otherwise H atoms attached to carbon atoms were positioned 

geometrically and constrained to ride on their parent atoms, with carbon hydrogen bond distances 

of 0.95 Å for aromatic C-H, 1.00, 0.99 and 0.98 Å for aliphatic C-H, CH2 and CH3 moieties, 

respectively. Methyl H atoms were allowed to rotate but not to tip to best fit the experimental 

electron density. Uiso(H) values were set to a multiple of Ueq(C) with 1.5 for CH3, and 1.2 for C-H 
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units, respectively. Additional data collection and refinement details, including description of 

disorder can be found in Section 9 of the Supporting Information. 
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2. Procedures for Zn and Al Carbenoid Cyclopropanations 

 

 
 

entry reaction conditions 
yield 

(3 + 4) 

rr 

(3:4) 

yield 

5 

1 CH2I2 (1.0 equiv), Et2Zn (0.5 equiv) 28% 1:6.7 3% 

2 CH2I2 (1.0 equiv), Et2Zn (1.0 equiv) 33% 1:4.6 5% 

3 CH2I2 (2.0 equiv), Et2Zn (2.0 equiv) 53% 1:6.5 16% 

4 
CH2I2 (2.0 equiv), Et2Zn (2.0 equiv) 3,5-difluorobenzoic acid (2.0 

equiv) 

28% 1:3.5 19% 

5  CH2I2 (2.0 equiv), Et2Zn (2.0 equiv), TiCl4 (20 mol%) 13% 1:4.6 1% 

6 CH2I2 (1.2 equiv), AlEt3 (1.2 equiv) 38% 1:3.1 9% 

 

Figure S1. Comparison studies of Zn and Al carbenoid cyclopropanations. 

 

Entry 1. In an N2-filled glovebox, a 5-mL vial was charged with olefin (0.14 mmol, 1.0 equiv), 

Et2Zn (8.7 mg, 0.070 mmol, 0.50 equiv), CH2Cl2 (0.5 mL), and a magnetic stir bar. A solution of 

CH2I2 (38 mg, 0.14 mmol, 1.0 equiv) in CH2Cl2 (0.5 mL) was added dropwise, and the reaction 

mixture was stirred at room temperature for 24 h. After 24 h, CH2Cl2 was added to dilute the 

solution and an aliquot was used for GC analysis.  

Entries 2 and 3. See procedure for Entry 1 with appropriate modifications to the equivalents 

of CH2I2 and Et2Zn.  

Entry 4. In an N2-filled glovebox, a 5-mL vial was charged with olefin (0.14 mmol, 1.0 equiv), 

Et2Zn (35 mg, 0.28 mmol, 2.0 equiv), CH2Cl2 (0.5 mL), and a magnetic stir bar. 3,5-

Difluorobenzoic acid (43 mg, 0.28 mmol, 2.0 equiv) was added in portions to slow evolution of 

ethane gas. A solution of CH2I2 (75 mg, 0.28 mmol, 2.0 equiv) in CH2Cl2 (0.5 mL) was added 

dropwise, and the reaction mixture was stirred at room temperature for 24 h. After 24 h, CH2Cl2 

was added to dilute the solution and an aliquot was used for GC analysis. 

Entry 5. In an N2-filled glovebox, a 5-mL vial was charged with olefin (0.14 mmol, 1.0 equiv), 

Et2Zn (35 mg, 0.28 mmol, 2.0 equiv), CH2Cl2 (0.5 mL), and a magnetic stir bar. A solution of 

CH2I2 (75 mg, 0.28 mmol, 2.0 equiv) in CH2Cl2 (0.5 mL) was added dropwise. TiCl4 (5.3 mg, 

0.028 mmol, 0.2 equiv) was added dropwise, and the reaction mixture was stirred at room 

temperature for 24 h. After 24 h, CH2Cl2 was added to dilute the solution and an aliquot was used 

for GC analysis. 

Entry 6. In an N2-filled glovebox, a 5-mL vial was charged with olefin (0.14 mmol, 1.0 equiv), 

Et3Al (20 mg, 0.17 mmol, 1.2 equiv), CH2Cl2 (0.5 mL), and a magnetic stir bar. A solution of 
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CH2I2 (45 mg, 0.17 mmol, 1.2 equiv) in CH2Cl2 (0.5 mL) was added dropwise, and the reaction 

mixture was stirred at room temperature for 24 h. After 24 h, CH2Cl2 was added to dilute the 

solution and an aliquot was used for GC analysis. 

 

 

 

 

Entry 1 
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Entry 2 

 
Entry 3 
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Entry 4 
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Entry 5 

 
 

Entry 6 
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entry reaction conditionsa 
yield 

(a + b) 

rr 

(a:b) 

yield 

c 

1 CH2I2 (1.0 equiv), Et2Zn (0.5 equiv) 35% 1:1.6 9% 

2 
CH2I2 (2.0 equiv), Et2Zn (2.0 equiv) 3,5-difluorobenzoic acid (2.0 

equiv) 
39% 2.1:1 32% 

3  CH2I2 (2.0 equiv), Et2Zn (2.0 equiv), TiCl4 (20 mol%) 35% 1:1.7 27% 

4 CH2I2 (1.2 equiv), AlEt3 (1.2 equiv) 45% 1.6:1 46% 
 

aconducted using the same procedues as for 4-vinylcyclohexene) 

 

Figure S2. GC data for Zn and Al carbenoid cyclopropanations. 
 

Entry 1 
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Entry 2 

 
Entry 3 
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Entry 4 
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3. Optimization Studies for Transition Metal-Catalyzed Cyclopropanations 

 

 
 

entry metal source ligand yield (3 +4) rr (3:4) yield 5 

1 – – <1% – <1% 

2 CoBr2 – <1% – <1% 

3 Co(DME)Br2 – <1% – <1% 

4 – i-PrPDI <1% – <1% 

5 CoBr2 
i-PrPDI 81% >50:1 <1% 

6 CoBr2 MePDI 58% >50:1 <1% 

7 CoBr2 PhPDI 4% – <1% 

8 CoBr2 
i-PrDAD <1% – <1% 

9 CoBr2 
i-PrIP 2% – <1% 

10 CoBr2 terpyridine 4% – <1% 

11 CoBr2 (S)-t-BuPyBOX <1% – <1% 

12 CoBr2 (S)-PhPyBOX <1% – <1% 

13 CoBr2 [PPh3]2 <1% – 0% 

14 FeBr2 
i-PrPDI 3% – <1% 

15 NiBr2 
i-PrPDI <1% – <1% 

 

Figure S3. Optimization studies probing metal and ligand sources.  
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General Procedure. In an N2-filled glovebox, a 3-mL vial was charged with the metal source 

(0.0084 mmol, 0.060 equiv), ligand (0.0084 mmol, 0.060 equiv), THF (0.5 mL), and a magnetic 

stir bar. The catalyst mixture was allowed to stir at room temperature for 24 h. After this premixing 

period, 4-vinylcyclohexene (0.14 mmol, 1.0 equiv), CH2Br2 (27 mg, 0.15 mmol, 1.1 equiv), Zn 

powder (18 mg, 0.28 mmol, 2.0 equiv), mesitylene internal standard, and THF (0.5 mL) were 

added. The reaction mixture was stirred at room temperature for 24 h. After 24 h, CH2Cl2 was 

added to dilute the solution and an aliquot was used for GC analysis. 

 
 

Figure S4. GC data for entry 5 in Figure S3.  

 

 

  

3 

mesitylene 
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4. Procedures for Competition Experiments 

 

In an N2-filled glovebox, a 3-mL vial was charged with [i-PrPDI]CoBr2 (5.9 mg, 0.0084 mmol, 

0.06 equiv), each alkene (0.14 mmol, 1.0 equiv), CH2Br2 (24 mg, 0.14 mmol, 1.0 equiv), Zn 

powder (18 mg, 0.28 mmol, 2.0 equiv), THF (1.0 mL), and a magnetic stir bar. The reaction was 

stirred for 24h. An aliquot was diluted with CH2Cl2 and used for GC analysis. Relative response 

factors of all products were assumed to be the same. Retention times were determined using 

authentic samples of each cyclopropane product.   

 

 
 

 
 

Figure S5. GC data for the competition experiment between 1-octene and 2-methyl-1-hepetene. 

a 

b 

d 
c 
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Figure S6. GC data for the competition experiment between 2-methyl-1-hepetene and (Z)-2-

octene. 

 

  

b 

a 

c 

d 
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Figure S7. GC data for the competition experiment between (Z)-2-octene and (E)-2-octene using 

1.0 equiv of CH2Br2.  

b 

a 

d c 
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Figure S8. GC data for the competition experiment between (Z)-2-octene and (E)-2-octene using 

2.0 equiv of CH2Br2.  

b 

a 

d 
c 
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5. Procedures for Regioselective Monocyclopropanation Reactions 

 

General Procedure. In an N2-filled glovebox, a 3-mL vial was charged with [i-PrPDI]CoBr2 

(5.9 mg, 0.0084 mmol, 0.06 equiv), the substrate (0.14 mmol, 1.0 equiv), CH2Br2 (37 mg, 0.21 

mmol, 1.5 equiv), Zn powder (18 mg, 0.28 mmol, 2.0 equiv), THF (1.0 mL), and a magnetic stir 

bar. The reaction was stirred at room temperature. After 24 h, the reaction mixture was 

concentrated under reduced pressure, and the crude residue was directly loaded onto a column for 

purification. 

 

 
 

(4). The reaction was conducted using 4-vinylcyclohexene (18 µL) without modification from 

the general procedure to provide 4 as a colorless oil. 

NMR Yield: Run 1: 88% yield. Run 2: 81% yield. 

Isolated Yield: 11.7 mg (68% yield) 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 5.65 (s, 2H), 2.18-1.98 (m, 3H), 1.90-1.80 (m, 2H), 1.45-1.31 

(m, 1H), 0.84-0.72 (m, 1H), 0.63-0.53 (m, 1H), 0.42-0.37 (m, 2H), 0.10-0.06 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 127.0, 126.7, 39.0, 31.6, 28.6, 25.3, 16.9, 3.2, 3.0. 

HRMS (EI) calc. for C9H14
+: m/z=122.1090, found: m/z=122.1091 

 

 
 

(6). The reaction was conducted using (–)-Carvone (19 µL) without modification from the 

general procedure to provide 6 as a yellow oil. 

Run 1: 19.1 mg (83% yield). Run 2: 21.2 mg (92% yield). 1g scale: 922 mg (91% yield) 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 6.76-6.73 (m, 1H), 2.47 (dd, J = 3.78, 16.05 Hz, 1H), 2.34-2.24 

(m, 3H), 1.74 (q, J = 1.69 Hz, 3H), 1.41-1.28 (m, 1H), 0.96 (s, 3H), 0.27 (s, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 200.6, 145.3, 135.3, 44.2, 42.2, 29.6, 19.1, 18.3, 15.7, 

12.3, 12.3. 

HRMS (ESI) calc. for C11H17O: m/z=165.1280, found: m/z=165.1274 
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(7). The reaction was conducted using benzyloxylimonene7 (34 mg) without modification from 

the general procedure to provide 7 as a colorless oil. 

Run 1: 33.7 mg (94% yield). Run 2: 35.5 mg (99% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 7.36-7.27 (m, 5H), 5.73 (s, 1H), 4.47 (s, 2H), 3.89 (s, 2H), 2.21-

2.12 (m, 1H), 2.09-2.00 (m, 3H), 1.86-1.77 (m, 1H), 1.49-1.37 (m, 1H), 0.95 (s, 3H), 0.90-0.82 (m, 

1H), 0.30-0.21 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 138.7, 134.7, 128.3, 127.7, 127.4, 125.3, 74.7, 71.6, 

42.2, 28.3, 27.1, 26.3, 19.2, 18.7, 12.4, 12.3. 

HRMS (ESI) calc. for C18H25O: m/z=257.1906, found: m/z=257.1903 

 

 
 

(8). The reaction was conducted using (+)-β-citronellene (25 µL) without modification from 

the general procedure to provide 8 as a colorless oil. 

Run 1: 19.8 mg (93% yield). Run 2: 18.5 mg (87% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 5.10 (t, J = 7.09 Hz, 1H), 2.03 (q, J = 7.65, 2H), 1.68 (s, 3H), 

1.61 (s, 3H), 1.51-1.39 (m, 1H), 1.35-1.23 (m, 2H), 0.95, (d, J = 6.6 Hz, 3H), 0.73-0.61 (m, 1H), 

0.52-0.30 (m, 2H), 0.12-(-0.07) (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 131.0, 125.2, 38.2, 37.5, 25.8, 25.7, 19.8, 18.0, 17.6, 4.4, 

2.9. 

HRMS (EI) calc. for C11H20
+: m/z=152.1560, found: m/z=152.1563  
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(9). The reaction was conducted using (–)-perillaldehyde (22 µL) without modification from 

the general procedure to provide 9 as a light yellow oil. 

Run 1: 22.3 mg (97% yield). Run 2: 22.5 mg (98% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 9.41 (s, 1H), 6.83-6.80 (m, 1H), 2.52-2.44 (m, 1H), 2.33-2.23 

(m, 1H), 2.07-1.92 (m, 1H), 1.89-1.82 (m, 1H), 1.41-1.14 (m, 2H), 0.95 (s, 3H), 0.93-0.86 (m, 1H), 

0.28-0.17 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 194.1, 151.6, 141.5, 42.1, 29.8, 25.3, 22.2, 18.9, 18.4, 

12.5. 

HRMS (ESI) calc. for C11H17O: m/z=165.1280, found: m/z=165.1273 

 

 
 

(10). The reaction was conducted using (–)-perillyl alcohol (22 µL) without modification from 

the general procedure to provide 10 as a light yellow oil. 

Run 1: 13.0 mg (56% yield). Run 2: 15.8 mg (68% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 5.68 (s, 1H), 3.98 (s, 2H), 2.10-2.06 (m, 1H), 2.00-1.95 (m, 2H), 

1.83-1.76 (m, 1H), 1.48-1.33 (m, 2H), 1.26-1.13 (m, 1H), 0.93 (s, 3H), 0.89-0.79 (m, 1H), 0.28-

0.15 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 137.3, 123.1, 67.4, 42.2, 28.2, 26.7, 26.3, 19.2, 18.7, 

12.4, 12.3. 

HRMS (EI) calc. for C11H18O
+: m/z=166.1352, found: m/z=166.1352  
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(11). The reaction was conducted using linalool (25 µL) without modification from the general 

procedure to provide 11 as a light yellow oil. 

Run 1: 13.4 mg (57% yield). Run 2: 14.4 mg (61% yield). 

Purification: SiO2 column; pentane/CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 5.18-5.11 (m, 1H), 2.13 (q, J = 7.05, 2H), 1.69 (s, 3H), 1.63 (s, 

3H), 1.59-1.53 (m, 2H), 1.11 (s, 3H), 1.09 (s, 1H), 0.95-0.86 (m, 1H), 0.39-0.25 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 131.7, 124.6, 71.2, 42.9, 25.9, 22.8, 21.0, 17.7, 0.5. 

HRMS (EI) calc. for C11H21: m/z=169.1593, found: m/z=169.1587 

 

  
 

(12). The reaction was conducted using (+)-limonene (23 µL) without modification from the 

general procedure to provide 12 as a colorless oil. 

Run 1: 17.0 mg (81% yield). Run 2: 16.6 mg (79% yield). 1.5 g scale: 1.49 g (90% yield) 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 5.38 (s, 1H), 2.04-1.88 (m, 4H), 1.75-1.65 (m, 1H), 1.63 (s, 3H), 

1.48-1.32 (m, 1H), 0.92 (s, 3H), 0.88-0.77 (m, 1H), 0.27-0.17 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 133.9, 121.1, 42.1, 31.1, 29.7, 28.5, 26.7, 23.5, 19.3, 

18.7, 12.4, 12.3. 

HRMS (EI) calc. for C11H18
+: m/z=150.1403, found: m/z=150.1408 

 

Gram-scale catalytic cyclopropanation of (+)-Limonene. In an N2-filled glovebox, a 250-

mL round-bottom flask was charged with CoBr2 (144 mg, 0.66 mmol, 0.060 equiv), the i-PrPDI 

ligand (318 mg, 0.66 mmol, 0.060 equiv), THF (50 mL), and a magnetic stir bar. The catalyst 

mixture was allowed to stir at room temperature for 24 h. After this premixing period, (+)-

limonene (1.5 g, 11 mmol, 1.0 equiv), CH2Br2 (2.85 g, 16.5 mmol, 1.5 equiv), and Zn powder 

(1.43 mg, 22 mmol, 2.0 equiv) were added. The reaction mixture was stirred at room temperature. 

After 24 h, the reaction mixture was concentrated under reduced pressure, and the crude residue 

was directly loaded onto a column for purification. (1.49 g, 90% yield) 
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(13). The reaction was conducted using (+)-nootkatone (31 mg) without modification from the 

general procedure to provide 13 as an off-white solid. 

Run 1: 27.3 mg (84% yield). Run 2: 29.9 mg (92% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 5.74 (s, 1H), 2.46-2.31 (m, 2H), 2.27-2.18 (m, 2H), 2.07-1.94 

(m, 1H), 1.90-1.74 (m, 2H), 1.40-1.30 (m, 1H), 1.28-1.17 (m, 1H), 1.14-1.10 (m, 1H), 1.01 (s, 3H), 

0.98 (d, J = 6.79 Hz, 3H), 0.88 (s, 3H), 0.28-0.21 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 199.7, 171.3, 124.6, 42.3, 42.1, 41.4, 40.6, 39.2, 33.2, 

29.9, 18.9, 18.8, 16.9, 15.0, 13.0, 12.9. 

HRMS (ESI) calc. for C16H25O: m/z=233.1906, found: m/z=233.1901 

 

 
 

(14). The reaction was conducted using altrenogest (43 mg) without modification from the 

general procedure to provide 14 as a yellow oil. 

Run 1: 37.2 mg (82% yield). Run 2: 39.1 mg (86% yield). 

Purification: SiO2 column; 3:2 EtOAc/hexane 
1H NMR (300 MHz, CDCl3) δ 6.44 (d, J = 9.93 Hz, 1H), 6.29 (d, J = 10.02 Hz, 1H), 5.77 (s, 

1H), 2.83-2.76 (m, 2H), 2.61-2.52 (m, 2H), 2.46 (t, J = 7.21 Hz, 3H), 2.31-2.21 (m, 1H), 2.10 (s, 

1H), 1.94-1.86 (m, 1H), 1.80-1.63 (m, 3H), 1.55-1.47 (m, 2H), 1.39-1.21 (m, 2H), 1.02 (s, 3H), 

0.90-0.79 (m, 1H), 0.54 (dd, J =  8.0, 1.25 Hz, 2H), 0.16-0.04 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 199.2, 156.5, 142.0, 141.8, 126.9, 123.8, 123.6, 82.7, 

49.0, 47.7, 42.7, 38.3, 36.7, 35.1, 31.5, 27.1, 24.3, 23.1, 16.5, 5.6, 4.5, 4.1. 

HRMS (ESI) calc. for C22H29O2: m/z=325.2168, found: m/z=325.2163 
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6. Procedures for Regioselective Monocyclopropanations of 1,3-Dienes 

 

General Procedure. In an N2-filled glovebox, a 3-mL vial was charged with [i-PrPDI]CoBr2 

(5.9 mg, 0.0084 mmol, 0.06 equiv), the substrate (0.14 mmol, 1.0 equiv), CH2Br2 (37 mg, 0.21 

mmol, 1.5 equiv), Zn powder (18 mg, 0.28 mmol, 2.0 equiv), THF (1.0 mL), and a magnetic stir 

bar. The reaction was stirred at room temperature. After 24 h, the reaction mixture was 

concentrated under reduced pressure, and the crude residue was directly loaded onto a column for 

purification. 

 

 
 

(15). The reaction was conducted using 1-bromo-2-vinylcyclohex-1-ene8 (26 mg) without 

modification from the general procedure to provide 15 as a yellow oil. 

Run 1: 17.7 mg (63% yield). Run 2: 18.0 mg (64% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 2.54-2.49 (m, 2H), 2.06-1.97 (m, 1H), 1.68-1.66 (m, 4H), 1.64-

1.57 (m, 2H), 0.68-0.51 (m, 4H) 

13C{1H} NMR (126 MHz, CDCl3) δ 134.6, 119.8, 37.0, 25.9, 24.8, 22.2, 17.0, 14.1, 3.9. 

HRMS (ESI) calc. for C9H13Br+: m/z=199.0121, found: m/z=199.0116 

 

 
 

(16). The reaction was conducted using ocimene (2.3:1 E/Z ratio) (24 µL) without modification 

from the general procedure to provide 16 as a colorless oil. 

Run 1: 16.6 mg (79% yield). Run 2: 17.5 mg (83% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 5.18 (t, J = 7.21 Hz, 1H), 5.14-5.07 (m, 1H), 2.86-2.67 (m, 2H), 

1.70-1.69 (m, 3H), 1.65-1.63 (m, 3H), 1.51-1.41 (m, 3H), 1.39-1.26 (m, 1H), 0.64-0.40 (m, 4H). 

13C{1H} NMR (126 MHz, CDCl3) δ 135.4, 134.6, 131.3, 124.5, 123.4, 123.3, 121.9, 27.0, 

26.6, 25.7, 18.9, 18.7, 17.7, 13.8, 12.3, 4.2, 4.0. 

HRMS (ESI) calc. for C11H17 : m/z=149.1330, found: m/z=149.1324 
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(17). The reaction was conducted using (E)-buta-1,3-dien-1-ylbenzene9 (18 mg) without 

modification from the general procedure to provide 17 as a colorless oil. 

Run 1: 17.0 mg (84% yield). Run 2: 17.4 mg (86% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 7.33-7.14 (m, 5H), 6.49 (d, J = 15.8 Hz), 5.79-5.70 (m, 1H), 

1.64-1.53 (m, 1H), 0.88-0.78 (m, 2H), 0.55-0.50 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 137.8, 134.9, 128.5, 127.4, 126.5, 125.6, 14.6, 7.3. 

HRMS (CI) calc. for C11H12
+: m/z=144.0934, found: m/z=144.0932 

 

 
 

(18). The reaction was conducted using (E)-nona-1,3-diene9 (17 mg) without modification 

from the general procedure to provide 18 as a colorless oil. 

Run 1: 12.6 mg (65% yield). Run 2: 13.9 mg (72% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 5.51 (dt, J = 6.76 Hz, 15.24 Hz, 1H), 4.95 (ddt, J = 15.2, 8.5, 

1.5 Hz, 1H), 2.00-1.93 (m, 2H), 1.39-1.31 (m, 3H), 1.30-1.24 (m, 4H), 0.88 (t, J = 6.69 Hz, 3H), 

0.68-0.61 (m, 2H), 0.33-0.28 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 133.6, 128.4, 32.5, 31.4, 29.4, 22.6, 14.1, 13.5, 6.3. 

HRMS (CI) calc. for C10H18
+: m/z=138.1409, found: m/z=138.1406 

 

 
 

(19). The reaction was conducted using (Z)-(4-(1-methylcyclopropyl)but-3-en-1-yl)benzene10 

(24 mg) without modification from the general procedure to provide 19 as a colorless oil. 

Run 1: 20.9 mg (80% yield). Run 2: 18.5 mg (71% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 7.35-7.19 (m, 5H), 5.53 (d, J = 10.81 Hz, 1H), 5.42-5.34 (m, 

1H), 2.73-2.68 (m, 2H), 2.62-2.54 (m, 2H), 1.14 (s, 3H), 0.54-0.43 (m, 4H). 
13C{1H} NMR (126 MHz, CDCl3) δ 142.2, 135.1, 131.1, 128.5, 128.3, 125.8, 36.1, 30.3, 

25.0, 14.9, 14.6. 

HRMS (APCI) calc. for C16H19: m/z=187.1481, found: m/z=187.1483 
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(20). The reaction was conducted using ethyl (E)-penta-2,4-dienoate11 (18 mg) without 

modification from the general procedure to provide 20 as a colorless oil. 

Run 1: 15.1 mg (77% yield). Run 2: 14.9 mg (76% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 6.41 (dd, J = 10.07, 15.42 Hz, 1H), 5.88 (d, J = 15.42, 1H), 

4.16, (q, J = 7.13 Hz, 2H), 1.62-1.50 (m, 1H), 1.27 (t, J = 7.15 Hz, 3H), 0.96-0.90 (m, 2H), 0.65-

0.60 (m, 2H). 
13C{1H} NMR (126 MHz, CDCl3) δ 166.7, 154.0, 118.2, 60.0, 14.3, 14.3, 8.6. 

HRMS (CI) calc. for C8H12O2: m/z=141.0910, found: m/z=141.0912 

 

 
 

(21). The reaction was conducted using (Z)-hexa-3,5-dien-1-ylbenzene12 (22 mg) without 

modification from the general procedure to provide 21 as a colorless oil. 

Run 1: 22.9 mg (95% yield). Run 2: 21.9 mg (91% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 7.34-7.19 (m, 5H), 5.42-5.33 (m, 1H), 4.79 (t, J = 9.83 Hz, 1H), 

2.77-2.72 (m, 2H), 2.52 (q, J = 7.82 Hz, 2H), 1.59-1.46 (m, 1H), 0.75-0.69 (m, 2H), 0.34-0.29 (m, 

2H). 
13C{1H} NMR (126 MHz, CDCl3) δ 142.2, 134.6, 128.5, 128.3, 127.1, 125.8, 36.1, 29.5, 9.7, 

6.9. 

HRMS (EI) calc. for C13H16
+: m/z=172.1247, found: m/z=172.1242  
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 (22). The reaction was conducted using 1-(prop-1-en-2-yl)cyclohex-1-ene13 (17 mg) without 

modification from the general procedure to provide 22 as a colorless oil. 

Run 1: 12.0 mg (63% yield). Run 2: 13.5 mg (71% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 5.50-5.48 (m, 1H), 2.02-1.89 (m, 4H), 1.64-1.50 (m, 4H), 1.13 

(s, 3H), 0.58-0.55 (m, 2H), 0.34-0.31 (m, 2H). 
13C{1H} NMR (126 MHz, CDCl3) δ 141.2, 120.1, 25.9, 25.3, 23.9, 23.1, 22.6, 21.3, 12.5. 

HRMS (EI) calc. for C10H15: m/z=135.1168, found: m/z=135.1165 

 

 
 

(23). The reaction was conducted using (E)-4,4,5,5-tetramethyl-2-(3-methylbuta-1,3-dien-1-

yl)-1,3,2-dioxaborolane14 (27 mg) without modification from the general procedure to provide 23 

as a clear oil. 

Run 1: 25.3 mg (87% yield). Run 2: 25.1 mg (86% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 6.16 (d, J = 18.1 Hz, 1H), 5.37 (d, J = 18.1 Hz, 1H), 1.25 (s, 

12H), 1.17, (s, 3H), 0.74-0.64, (m, 4H). 
13C{1H} NMR (126 MHz, CDCl3) δ 161.9, 82.9, 24.8, 20.2, 19.7, 16.2. 
11B NMR (96 MHz, CDCl3): δ 30.0.  

HRMS (ESI) calc. for C12H21BO2
+: m/z=208.1749, found: m/z=208.1744  
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The reaction was conducted using cinnamyl acrylate15 without modification from the general 

procedure to provide product S1 as a yellow oil. 

Run 1: 26.3 mg (93% yield). Run 2: 24.3 mg (86% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3): 7.42-7.39 (m, 2H), 7.36-7.33 (m, 2H), 7.31-7.27 (m, 1H),  

6.67 (d, J = 15.6 Hz, 1H), 6.31 (dt, J = 6.42, 15.87 Hz, 1H), 4.75 (dd, J = 1.26, 6.42 Hz, 2H), 

1.71-1.63 (m, 1H), 1.07-1.02 (m, 2H), 0.92-0.86 (m, 2H),  

13C NMR (126 MHz, CDCl3):174.7, 136.3, 134.0, 128.6, 128.0, 126.6, 123.4, 65.1, 12.9, 8.6 

HRMS (EI) calc. for C13H14O2
+: m/z= 202.0988, found: m/z 202.0994  
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7. CV Data 
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Figure S9. Cyclic voltammetry data for 1 (0.3 M [n-Bu4N][PF6] supporting electrolyte in THF, 

glassy carbon working electrode, 100 mV/s scan rate, N2 atmosphere). 
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8. Synthesis and Characterization of the Co/Zn Complex 31 

 

 
 

[i-PrPDI]CoBr2Zn(THF/Et2O)Br2 (31). In an N2-filled glovebox, a 20-mL vial was charged 

with [i-PrPDI]CoBr2 (20 mg, 0.029 mmol, 1.0 equiv), ZnBr2 (6.5 mg, 0.029 mmol, 1.0 equiv), THF 

(10-mL) and a magnetic stir bar. The reaction mixture was stirred at room temperature for 1 h to 

ensure complete complete dissolution and consumption of ZnBr2. The reaction mixture was 

concentrated to dryness under reduced pressure. Ether was added to the residue, and the mixture 

was filtered through a glass fiber pad to produce a green solution.  Slow-cooling of the solution (–

30 C) produced dark-green crystals (7 mg, 0.007 mmol, 24% yield). Single crystals obtained by 

this procedure were suitable for XRD analysis. Complex 31 is NMR silent. 

Anal. Calc. for 31 (C37H51Br4CoN3OZn): C 44.54%, H 5.15%, N 4.21%; found: C 44.22%, H 

5.24%, N 4.14%. In the solid state structure, there is a solvent molecule bound to Zn that is 

disordered between Et2O and THF. The calculated elemental analysis is shown assuming 100% 

THF; however, the found values are also adequately modeled using 100% Et2O due to the 

similarity in the elemental composition of the two solvents. 
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JJWIV_142_CoBr2PDI_0m 

Crystal data 

Chemical formula C37H51.88Br4CoN3OZn 

Mr 998.64 

Crystal system, space group Orthorhombic, P212121 

Temperature (K) 150 

a, b, c (Å) 12.6608 (8), 17.5590 (13), 18.5345 (14) 

V (Å3) 4120.4 (5) 

Z 4 

Radiation type Cu Kα 

µ (mm−1) 8.65 

Crystal size (mm) 0.23 × 0.13 × 0.10 

Data collection 

Diffractometer Bruker AXS D8 Quest CMOS  

diffractometer 
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Absorption correction Multi-scan  

SADABS 2016/2: Krause, L., Herbst-Irmer, R., Sheldrick G.M. & 

Stalke D., J. Appl. Cryst. 48 (2015) 3-10 

Tmin, Tmax 0.429, 0.753 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 

23175, 7493, 6130 

Rint 0.064 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.048,  0.123,  1.02 

No. of reflections 7493 

No. of parameters 485 

No. of restraints 131 

H-atom treatment H-atom parameters constrained 

Δρmax, Δρmin (e Å−3) 1.23, −0.96 

Absolute structure Flack x determined using 2262 quotients [(I+)-(I-)]/[(I+)+(I-)] 

(Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-259). 

Flack parameter −0.011 (4) 

 

A THF and an ether molecule are disordered at a Zn coordinated site. Equivalent bonds in the 

disordered moieties were restrained to have similar bond distances, and the ether CH2-CH3 bonds 

were restrained to 1.54(2) Angstrom. Uij components of ADPs for disordered atoms closer to each 

other than 1.7 Angstrom were restrained to be similar. Subject to these conditions the occupancy 

ratio refined to 0.558(13) to 0.442(13) in favor of THF.  
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9. Mechanistic Experiments 

 

 
 

Stereospecificity. In an N2-filled glovebox, a 3-mL vial was charged with [i-PrPDI]CoBr2 (5.9 

mg, 0.0084 mmol, 0.06 equiv), cis-2-octene (0.14 mmol, 1.0 equiv), CH2Br2 (37 mg, 0.21 mmol, 

1.5 equiv), Zn powder (18 mg, 0.28 mmol, 2 equiv), mesitylene as an internal standard, THF (1 

mL), and a magnetic stir bar. The reaction mixture was stirred at room temperature. After 24 h, 

CH2Cl2 was added to dilute the solution, and an aliquot of the mixture was removed and analyzed 

by GC. (95% yield, >50:1 E/Z ratio) 

 

 
 

Radical Clock Experiment. In an N2-filled glovebox, a 3-mL vial was charged with [i-

PrPDI]CoBr2 (5.9 mg, 0.0084 mmol, 0.06 equiv), vinylcyclopropane16 (0.14 mmol, 1.0 equiv), 

CH2Br2 (37 mg, 0.21 mmol, 1.5 equiv), Zn powder (18 mg, 0.28 mmol, 2.0 equiv), mesitylene as 

an internal standard, THF (1.0 mL), and a magnetic stir bar. The reaction mixture was stirred at 

room temperature. After 24 h, an aliquot was removed and analyzed by 1H NMR spectroscopy. 

No ring-opened product was observed by the limit of detection in the NMR. 

NMR Yields: Run 1: 70% yield. Run 2: 72% yield. 
1H NMR (300 MHz, CDCl3): 0.81-0.70 (m, 2H), 0.32-0.23 (m, 4H), 0.02-(-0.04) (m, 4H).  
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Radical Clock Experiment. In an N2-filled glovebox, a 3-mL vial was charged with [i-

PrPDI]CoBr2 (5.9 mg, 0.0084 mmol, 0.06 equiv), (2-vinylcyclopropyl)benzene17 (20 mg, 0.14 

mmol, 1.0 equiv), CH2Br2 (37 mg, 0.21 mmol, 1.5 equiv), Zn powder (18 mg, 0.28 mmol, 2.0 

equiv), THF (1.0 mL), and a magnetic stir bar. The reaction was stirred at room temperature. After 

24 h, the reaction mixture was concentrated under reduced pressure. The crude residue directly 

purified by column chromatography to provide 29 as a colorless oil. 

Run 1: 21.5 mg (97% yield). Run 2: 19.3 mg (87% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 7.31-7.23 (m, 2H), 7.17-7.11 (m, 1H), 7.07-7.04 (m, 2H), 1.71-

1.65 (m, 1H), 1.21-1.13 (m, 1H), 1.02-0.92 (m, 1H), 0.85-0.74 (m, 2H), 0.50-0.37 (m, 2H), 0.24-

0.11 (m, 2H). 
13C{1H} NMR (126 MHz, CDCl3) δ 143.7, 128.2, 125.6, 125.2, 25.4, 21.7, 13.8, 12.4, 3.4, 2.6. 

HRMS (EI) calc. for C12H14
+: m/z=158.1090, found: m/z=158.1085 

 

 
 

Stoichiometric Cyclopropanation with [i-PrPDI]CoBr. In an N2-filled glovebox, a 3-mL vial 

was charged with [i-PrPDI]CoBr (5.2 mg, 0.0084 mmol, 0.06 equiv), 4-vinylcyclohexene (0.14 

mmol, 1 equiv), CH2Br2 (27 mg, 0.15 mmol, 1.1 equiv), mesitylene as an internal standard, THF 

(1 mL), and a magnetic stir bar. The reaction mixture was stirred at room temperature. After 24 h, 

CH2Cl2 was added to dilute the solution and an aliquot was removed and analyzed by GC. The 

same procedure was repeated in the presence of ZnBr2 (3.8 mg, 0.017 mmol, 0.12 equiv). 

The yields were determined assuming that two equivalents of the [i-PrPDI]CoBr complex are 

required for each equivalent of cyclopropane that is generated.    



65 

 

10. NMR Spectra 

 

 
Figure S10. 1H NMR spectrum for 4 (CDCl3, 295 K). 

 
Figure S11. 13C NMR spectrum for 4 (CDCl3, 295 K). 
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Figure S12. 1H NMR spectrum for 6 (CDCl3, 295 K). 

 

 
Figure S13. 13C NMR spectrum for 6 (CDCl3, 295 K). 
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Figure S14. 1H NMR spectrum for 7 (CDCl3, 295 K). 

 

 
Figure S15. 13C NMR spectrum for 7 (CDCl3, 295 K). 
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Figure S16. 1H NMR spectrum for 8 (CDCl3, 295 K). 

 

 
Figure S17. 13C NMR spectrum for 8 (CDCl3, 295 K). 
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Figure S18. 1H NMR spectrum for 9 (CDCl3, 295 K). 

 

 
Figure S19. 13C NMR spectrum for 9 (CDCl3, 295 K). 
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Figure S20. 1H NMR spectrum for 10 (CDCl3, 295 K).i 

 

 
Figure S21. 13C NMR spectrum for 10 (CDCl3, 295 K). 
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Figure S22. 1H NMR spectrum for 11 (CDCl3, 295 K). 

 

 
Figure S23. 13C NMR spectrum for 11 (CDCl3, 295 K). 
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Figure S24. 1H NMR spectrum for 12 (CDCl3, 295 K). 

 

 
Figure S25. 13C NMR spectrum for 12 (CDCl3, 295 K). 
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Figure S26. 1H NMR spectrum for 13 (CDCl3, 295 K). 

 

 
Figure S27. 13C NMR spectrum for 13 (CDCl3, 295 K). 
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Figure S28. 1H NMR spectrum for 14 (CDCl3, 295 K). 

 
Figure S29. 13C NMR spectrum for 14 (CDCl3, 295 K). 
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Figure S30. 1H NMR spectrum for 15 (CDCl3, 295 K). 

 

 
Figure S31. 13C NMR spectrum for 15 (CDCl3, 295 K). 



76 

 

 

 

 
Figure S32. 1H NMR spectrum for 16 (CDCl3, 295 K). 

 

 
Figure S33. 13C NMR spectrum for 16 (CDCl3, 295 K). 
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Figure S34. 1H NMR spectrum for 17 (CDCl3, 295 K). 

 

 
Figure S35. 13C NMR spectrum for 17 (CDCl3, 295 K) 
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Figure S36. 1H NMR spectrum for 18 (CDCl3, 295 K) 

 

 
Figure S37. 13C NMR spectrum for 18 (CDCl3, 295 K) 
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Figure S38. 1H NMR spectrum for 19 (CDCl3, 295 K) 

 

 
Figure S39. 13C NMR spectrum for 19 (CDCl3, 295 K) 
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Figure S40. 1H NMR spectrum for 20 (CDCl3, 295 K) 

 

 
Figure S41. 13C NMR spectrum for 20 (CDCl3, 295 K) 
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Figure S42. 1H NMR spectrum for 21 (CDCl3, 295 K) 

 

 
Figure S43. 13C NMR spectrum for 21 (CDCl3, 295 K) 
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Figure S44. 1H NMR spectrum for 22 (CDCl3, 295 K) 

 

 
Figure S45. 13C NMR spectrum for 22 (CDCl3, 295 K) 
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Figure S46. 1H NMR spectrum for 23 (CDCl3, 295 K) 

 

 
Figure S47. 13C NMR spectrum for 23 (CDCl3, 295 K) 
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Figure S48. 11B NMR spectrum for 23 (CDCl3, 295 K) 

 

 

 
Figure S49. 1H NMR spectrum for S1 (CDCl3, 295 K) 
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Figure S50. 13C NMR spectrum for S1 (CDCl3, 295 K) 

 

 

 

 
Figure S51. 1H NMR spectrum for 29 (CDCl3, 295 K) 
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Figure S52. 13C NMR spectrum for 29 (CDCl3, 295 K) 
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11. IR Spectra 
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Figure S53. ATR-IR spectrum for 5. 
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Figure S54. ATR-IR spectrum for 6. 
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Figure S55. ATR-IR spectrum for 7.  
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Figure S56. ATR-IR spectrum for 8.  
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Figure S567. ATR-IR spectrum for 9.  
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Figure S58. ATR-IR spectrum for 10.  
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Figure S59. ATR-IR spectrum for 11.  
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Figure S60. ATR-IR spectrum for 12.  



95 

 

 
 

 

4000 3500 3000 2500 2000 1500 1000

50

55

60

65

70

75

80

85

90

95

100

%
 T

ra
n
s
m

it
ta

n
c
e

 (cm
-1
)  

Figure S61. ATR-IR spectrum for 13.  
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Figure S62. ATR-IR spectrum for 14.  
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Figure S63. ATR-IR spectrum for 15.  
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Figure S64. ATR-IR spectrum for 16.  
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Figure S65. ATR-IR spectrum for 17.  
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Figure S66. ATR-IR spectrum for 18.  
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Figure S67. ATR-IR spectrum for 19.  
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Figure S68. ATR-IR spectrum for 20.  
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Figure S69. ATR-IR spectrum for 21.  
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Figure S70. ATR-IR spectrum for 22.  
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Figure S71. ATR-IR spectrum for 23.  
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Figure S72. ATR-IR spectrum for S1.  
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Figure S73. ATR-IR spectrum for 29. 
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 2 

1. General Information 

 
General considerations. All manipulations were carried out using standard Schlenk or 

glovebox techniques under an atmosphere of N2. THF was dried and degassed by passage through 

a column of activated alumina and sparging with Ar gas. CDCl3 was purchased from Cambridge 

Isotope Laboratories, Inc., degassed, and stored over activated 3 Å molecular sieves prior to use. 

All other reagents and starting materials were purchased from commercial vendors and used 

without further purification unless otherwise noted. PDI ligands were synthesized according to 

reported methods.1,2 Zn powder (325 mesh, 99.9%) and CoBr2 were purchased from Strem. ZnBr2 

was purchased from Sigma-Aldrich. CoBr2 was dried in the oven and stored in the glovebox. 

 

Physical methods. 1H and 13C{1H} NMR spectra were collected at room temperature on a 

Varian INOVA 300 MHz spectrometer, Bruker Avance 400 MHz spectrometer, or Bruker Avance 

500 MHz spectrometer. 1H and 13C{1H} NMR spectra are reported in parts per million relative to 

tetramethylsilane, using the residual solvent resonances as an internal standard. High‐resolution 

mass data were obtained using an Agilent 6320 Trap LC/MS, Agilent 5975C GC/MS, or Thermo 

Electron Corporation MAT 95XP-Trap instrument. ATR‐IR data were collected on a Thermo 

Scientific Nicolet Nexus spectrometer.  
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2. Reaction Optimization Studies 

 

General Procedure for Optimization Study. In an N2-filled glovebox, a 2-dram vial was 

charged with the metal salt (0.014 mmol, 0.10 equiv), ligand (0.014 mmol, 0.10 equiv), THF (0.5 

mL) and a magnetic stir bar. The metal complex was allowed to form by stirring at room 

temperature for 24 h. Then, Zn powder (18 mg, 0.28 mmol, 2.0 equiv), ZnBr2 (18 mg, 0.28 mmol, 

1.0 equiv), and a stock solution of the substrate (0.14 mmol, 1.0 equiv) and a mesitylene standard 

dissolved in THF (0.5 mL) were added. The reaction mixture was stirred at room temperature for 

approximately 15 min, during which time a deep violet color developed. Me2CCl2 (31.6 mg, 0.28 

mmol, 2.0 equiv) was added, and stirring was continued at room temperature. After 24 h, the 

reaction mixture was diluted with CH2Cl2, and an aliquot was analyzed by GC (FID detector). 

 

 

Entry Metal Source Ligand Yield 2 [%] 

1 – – < 1 

2 – 2-t-BuPDI (L1) < 1 

3 CoBr2 – < 1 

4 CoBr2 2-t-BuPDI (L1) 93 

5 CoBr2 2,4,6-MePDI (L2) 77 

6 CoBr2 3,5-t-BuPDI (L3) 8 

7 CoBr2 2,6-i-PrPDI (L4) 2 

8 NiBr2 2-t-BuPDI (L1) 5 

9 FeBr2 2-t-BuPDI (L1) 4 

10 CoBr2 2,6-i-PrIP (L5) 2 

11 CoBr2 2,6-i-PrDAD (L6) <1 

12 CoBr2 bpy (L7) 4 

13 CoBr2 terpy (L8) 1 

14 CoBr2 Chiral PDI (L9) 9 

15 CoBr2 Chiral PDI (L10) 17 

16[b] CoBr2 2-t-BuPDI (L1) 87 

17[c] CoBr2 2-t-BuPDI (L1) 78 

18[d] CoBr2 2-t-BuPDI (L1) 79 

19[e] CoBr2 2-t-BuPDI (L1) 26 

20[f] CoBr2 2-t-BuPDI (L1) >99 
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21[g] CoBr2 2-t-BuPDI (L1) 7 

22[h] CoBr2 2-t-BuPDI (L1) 11 

 

 
 

Figure S1. Optimization studies probing metal and ligand sources. [b] Modifications from 

standard conditions: without ZnBr2. [c] Modifications from standard conditions: 1.1 equiv of 

Me2CCl2. [d] Modifications from standard conditions: 2.0 equiv of Me2CBr2. [e] Modifications 

from standard conditions: 2.0 equiv of I2CMe2. [f] Modifications from standard conditions: 1.1 

equiv of Zn. [g] Modifications from standard conditions: 1 equiv of MgBr2 (No ZnBr2). [h] 

Modifications from standard conditions: 1 equiv of LiCl (No ZnBr2). 
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General Procedure for Zinc Carbenoid Dimethylcyclopropanation.3 In an N2-filled 

glovebox, a 2-dram vial was charged with 1 (0.14 mmol, 1.0 equiv), CH2Cl2 (1.0 mL), mesitylene, 

and a magnetic stir bar. Et2Zn (69 mg, 0.56 mmol, 4.0 equiv) was added dropwise to the solution 

at –30 °C. I2CMe2
4 (166 mg, 0.56 mmol, 4.0 equiv) was added dropwise, and the reaction was 

allowed to warm to room temperature and stirred for 24 h. The crude reaction mixture was diluted 

with CH2Cl2, and an aliquot was analyzed by GC (FID detector). Conversion of 1: 70%. Yield of 

2: 45%. 
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Figure S2. GC/MS analysis of the crude reaction mixture (1 + I2CMe2/Et2Zn). Additional products 

correspond to isomers of 2, products containing two Me2C fragments, and products containing 

additional Et groups. 
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Figure S3. A 1H NMR comparison of the crude reaction mixtures for the cobalt-catalyzed 

cyclopropanation of 1 (top) and the non-catalytic Furukawa-type Simmons–Smith reaction of 1 

(bottom).  
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3. Procedures for the Dimethylcyclopropanation of 1,3-Dienes 

 

Preparation of [2-tBuPDI]CoBr2 (3). In an N2-filled glovebox, a 5-dram vial was charged with 
2-tBuPDI5 (100 mg, 0.23 mmol, 1.0 equiv), CoBr2 (anhydrous) (50.1 mg, 0.23 mmol, 1.0 equiv), 

THF (7.0 mL) and a magnetic stir bar. The mixture was stirred at room temperature for 24 h. After 

24 h, the mixture was concentrated to dryness under vacuum to produce a mustard-yellow solid.  
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Figure S4. UV-Vis spectrum of [2-tBuPDI]CoBr2 (3). 

 

General procedure for the dimethylcyclopropanation of 1,3-dienes. In an N2-filled 

glovebox, a 2-dram vial was charged with the [2-tBuPDI]CoBr2 catalyst 3 (9.0 mg, 0.014 mmol, 

0.10 equiv), the substrate (0.14 mmol, 1.0 equiv), Zn powder (18 mg, 0.28 mmol, 2.0 equiv), ZnBr2 

(31 mg, 0.14 mmol, 1.0 equiv), THF (1.0 mL), and a magnetic stir bar. The reaction mixture was 

stirred at room temperature for approximately 15 min during which time a deep violet color 

developed. Me2CCl2 (31.6 mg, 0.28 mmol, 2.0 equiv) was added, and stirring was continued at 

room temperature. After 24 h, the reaction mixture was concentrated under reduced pressure, and 

the crude residue was directly loaded onto a SiO2 column for purification. 
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(2). The reaction was conducted using (E)-deca-1,3-diene6 without modification from the 

general procedure to provide 2 as a colorless oil. 

Run 1: 24.7 mg (98% yield). Run 2: 22.2 mg (88% yield). 

Purification: SiO2 column; pentane. 
1H NMR (300 MHz, CDCl3) δ 5.54-5.44 (m, 1H), 5.22-5.14 (m, 1H), 2.00 (q, J = 6.52 Hz, 2H), 

1.36-1.26 (m, 8H), 1.23-1.16 (m, 1H), 1.06 (s, 3H), 1.04 (s, 3H), 0.89 (t, J = 6.97 Hz, 3H), 0.61-

0.57 (m, 1H), 0.28 (t, J = 4.71 Hz, 1H). 
13C{1H} NMR (126 MHz, CDCl3) δ 130.3, 130.1, 32.8, 31.8, 29.8, 28.9, 27.5, 27.0, 22.7, 21.0, 20.5, 

18.0, 14.1. 

HRMS (ESI) calc. for C13H23: m/z=179.1794, found: m/z=179.1792 

IR (film): 3052, 3001, 2952, 2915, 2851, 1452, 1365, 963 cm-1 

 

 
 

(4). The reaction was conducted using (E)-1-(buta-1,3-dien-1-yl)-4-chlorobenzene7 without 

modification from the general procedure to provide 4 as a colorless oil. 

Run 1: 27.8 mg (96% yield). Run 2: 27.2 mg (94% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 7.25 (s, 4H), 6.42 (d, J = 15.70 Hz, 1H), 6.01-5.92 (m, 1H), 

1.47-1.39 (m, 1H), 1.15 (s, 6H), 0.83-0.79 (m, 1H), 0.52 (t, J = 4.87 Hz, 1H).   
13C{1H} NMR (126 MHz, CDCl3) δ 136.5, 132.5, 131.9, 128.6, 128.0, 126.8, 28.6, 27.1, 22.5, 20.8, 

19.9. 

HRMS (ESI) calc. for C13H14Cl: m/z=205.0779, found: m/z=205.0781 

IR (film): 3001, 2944, 2858, 1645, 1487, 1444, 1085, 971 cm-1 

 

 
 

(5). The reaction was conducted using (E)-1-(buta-1,3-dien-1-yl)-4-methoxybenzene8 without 

modification from the general procedure to provide 5 as a colorless oil. 

Run 1: 26.6 mg (94% yield). Run 2: 26.9 mg (95% yield). 

Purification: SiO2 column; CH2Cl2 
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1H NMR (300 MHz, CDCl3) δ 7.27 (d, J = 8.50 Hz, 2H), 6.84 (d, J = 8.44 Hz, 2H), 6.43 (d, J 

= 15.69 Hz, 1H), 5.86 (dd, J = 8.87, 6.54 Hz, 1H), 3.81 (s, 3H), 1.45-1.37 (m, 1H), 1.14 (s, 6H), 

0.79-0.75 (m, 1H), 0.48 (t, J = 4.78 Hz, 1H). 
13C{1H} NMR (126 MHz, CDCl3) δ 158.4, 130.9, 129.4, 128.6, 126.7, 113.9, 55.3, 28.5, 27.1, 22.1, 

20.8, 19.4. 

HRMS (ESI) calc. for C14H17O: m/z=201.1274, found: m/z=201.1277 

IR (film): 2995, 2958, 1609, 1509, 1236, 1164, 1049, 934 cm-1 

 

 
 

(6). The reaction was conducted using (E)-2-(buta-1,3-dien-1-yl)furan9 without modification 

from the general procedure to provide 6 as a colorless oil. 

Run 1: 16.8 mg (74% yield). Run 2: 15.9 mg (70% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 7.29 (d, J = 1.62 Hz, 1H), 6.34 (dd, J = 1.84, 1.42 Hz, 1H), 6.29 

(d, J = 15.73 Hz, 1H), 6.10 (d, J = 3.23 Hz, 1H), 5.94 (dd, J = 9.24, 6.48 Hz, 1H), 1.41-1.33 (m, 

1H), 1.13-1.12 (m, 6H), 0.80-0.76 (m, 1H), 0.49 (t, J = 4.78 Hz, 1H).    
13C{1H} NMR (126 MHz, CDCl3) δ 153.5, 140.9, 130.8, 117.8, 111.1, 105.2, 28.4, 27.0, 22.5, 20.8, 

19.9. 

HRMS (ESI) calc. for C11H13O: m/z=161.0961, found: m/z=161.0960 

IR (film): 2995, 2944, 2865, 1444, 1150, 1006, 949, 906 cm-1 

 

 
 

(7). The reaction was conducted using (E)-(2-methylbuta-1,3-dien-1-yl)benzene10 without 

modification from the general procedure to provide 7 as a colorless oil. 

Run 1: 23.7 mg (91% yield). Run 2: 23.0 mg (88% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 7.36-7.27 (m, 3H), 7.27-7.17 (m, 2H), 6.19 (s, 1H),  

1.95 (s, 3H), 1.36 (t, J = 6.97 Hz, 1H), 1.21 (s, 3H), 1.02 (s, 3H), 0.70 (t, J = 5.0 Hz, 1H), 0.60-

0.56 (m, 1H). 

13C{1H} NMR (126 MHz, CDCl3) δ 138.6, 138.0, 128.8, 128.0, 125.8, 125.0, 34.4, 27.5, 20.1, 19.3, 

18.4, 17.8. 

HRMS (ESI) calc. for C14H17: m/z=185.1325, found: m/z=185.1323 

IR (film): 3073, 2937, 2851, 1652, 1595, 1452, 1372, 1071, 913 cm-1 
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(8). The reaction was conducted using (E)-N,4-dimethyl-N-(penta-2,4-dien-1-

yl)benzenesulfonamide11 without modification from the general procedure to provide 8 as a yellow 

oil. 

Run 1: 23.4 mg (57% yield). Run 2: 20.5 mg (50% yield). 

Purification: SiO2 column; hexane/EtOAc (80:20) 
1H NMR (300 MHz, CDCl3) δ7.67 (d, J = 8.29 Hz, 2H), 7.32 (d, J = 8.44 Hz, 2H), 5.42-5.26 

(m, 2H), 3.63-3.51 (m, 2H), 2.64 (s, 3H), 2.43 (s, 3H), 1.26-1.17 (m, 1H), 1.05 (s, 3H), 0.99 (s, 

3H), 0.67-0.62 (m, 1H), 0.30 (t, J = 4.89 Hz, 1H).    
13C{1H} NMR (126 MHz, CDCl3) δ 143.2, 136.5, 134.6, 129.6, 127.5, 123.2, 52.5, 33.9, 27.2, 26.9, 

21.6, 21.5, 20.5, 18.9.  

HRMS (ESI) calc. for C16H23NO2SNa: m/z=316.1342, found: m/z=316.1346 

IR (film): 2966, 2915, 2872, 1430, 1336, 1164, 1078, 956, 906 cm-1 

 

 
 

(9). The reaction was conducted using (E)-4,4,5,5-tetramethyl-2-(3-methylbuta-1,3-dien-1-yl)-

1,3,2-dioxaborolane12 without modification from the general procedure to provide 9 as a colorless 

oil. 

Run 1: 29.8 mg (90% yield). Run 2: 30.1 mg (91% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 6.54 (d, J = 18.07 Hz, 1H), 5.41 (d, J = 18.05 Hz, 1H), 1.25 (s, 

12H), 1.19 (s, 3H), 1.13 (s, 6H), 0.79 (d, J = 4.38 Hz, 1H), 0.51 (d, J = 4.37 Hz, 1H). 
13C{1H} NMR (126 MHz, CDCl3) δ 160.1, 82.8, 29.9, 28.2, 24.8, 24.4, 22.8, 22.7, 17.4.  
11B NMR (96 MHz, CDCl3) δ 29.85. 

HRMS (ESI) calc. for C14H25BO2: m/z=236.2057, found: m/z=236.2054 

IR (film): 2973, 2937, 1609, 1344, 1307, 1164, 956 cm-1 

 

 
 

(10). The reaction was conducted using (Z)-(((4-methylpenta-2,4-dien-1-

yl)oxy)methyl)benzene without modification from the general procedure to provide 10 as a 

colorless oil. 

Run 1: 31.0 mg (96% yield). Run 2: 31.0 mg (96% yield). 

Purification: SiO2 column; CH2Cl2 
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1H NMR (300 MHz, CDCl3) δ 7.38-7.26 (m, 5H), 5.75-5.71 (m, 1H), 5.67-5.60 (m, 1H), 4.55 

(s, 2H), 4.27-4.21 (m, 1H), 4.15-4.09 (m, 1H), 1.12 (s, 3H), 1.09 (s, 3H), 1.01 (s, 3H), 0.38 (d, J = 

4.04 Hz, 1H), 0.33 (d, J = 4.04 Hz, 1H). 
13C{1H} NMR (126 MHz, CDCl3) δ 138.4, 137.0, 128.8, 128.4, 127.9, 127.6, 72.6, 66.9, 28.1, 23.8, 

23.3, 21.3, 21.2, 20.1. 

HRMS (ESI) calc. for C16H23O: m/z=231.1743, found: m/z=231.1741 

IR (film): 3030, 2980, 2944, 2851, 1452, 1350, 1064, 1021, 934 cm-1 

 

 
 

(11). The reaction was conducted using diethyl (E)-buta-1,3-dien-1-ylphosphonateError! 

Bookmark not defined. without modification from the general procedure to provide 11 as a 

colorless oil. 

Run 1: 30.2 mg (93% yield). Run 2: 29.6 mg (91% yield). 

Purification: SiO2 column; EtOAc 
1H NMR (300 MHz, CDCl3) δ 6.71-6.55 (m, 1H), 5.65 (dd, J = 16.82, 5.6 Hz, 1H), 4.20-4.08 

(m, 4H), 1.47-1.38 (m, 1H), 1.32 (t, J = 7.66 Hz, 6H), 1.17 (s, 3H), 1.11 (s, 3H), 0.94-0.90 (m, 

1H), 0.75 (t, J = 4.85 Hz, 1H).    
13C{1H} NMR (126 MHz, CDCl3) δ 158.3, 111.9 (d, J = 194.2 Hz), 62.9, 30.4, 30.2, 26.9, 24.4, 22.7, 

20.9, 16.3.  
31P NMR (121 MHz, CDCl3) δ 20.8 

HRMS (ESI) calc. for C11H22O3P: m/z=233.1301, found: m/z=233.1303 

IR (film): 2980, 2865, 1616, 1207, 1021, 956, 826 cm-1 

 

 
 

(12). The reaction was conducted using (E)-1-phenylpenta-2,4-dien-1-one13 without 

modification from the general procedure to provide 12 as a colorless oil. 

Run 1: 14.0 mg (50% yield). Run 2: 15.1 mg (54% yield). 

Purification: SiO2 column; hexane/EtOAc (95:5) 
1H NMR (300 MHz, CDCl3) δ 7.96-7.93 (m, 2H), 7.58-7.52 (m, 1H), 7.49-7.43 (m, 2H), 7.03 

(d, J = 15.05 Hz, 1H), 6.90-6.82 (m, 1H), 1.61-1.54 (m, 1H), 1.21 (s, 3H), 1.18 (s, 3H), 1.06-1.01 

(m, 1H), 0.79 (t, J = 4.75 Hz, 1H).  
13C{1H} NMR (126 MHz, CDCl3) δ 189.7, 152.8, 138.3, 132.4, 128.4, 128.4 124.4, 29.5, 27.0, 25.2, 

23.3, 21.1. 

HRMS (APCI) calc. for C14H17O: m/z=201.1274, found: m/z=201.1276 

IR (film): 3059, 2958, 2872, 1667, 1602, 1279, 1178, 1006, 920 cm-1 
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(13). The reaction was conducted using ethyl (E)-penta-2,4-dienoate14 without modification 

from the general procedure to provide 13 as a colorless oil. 

Run 1: 21.0 mg (89% yield). Run 2: 21.4 mg (91% yield). 

Purification: SiO2 column; hexane:CH2Cl2 (1:1) 
1H NMR (300 MHz, CDCl3) δ 6.69 (dd, J = 14.80, 10.92 Hz, 1H), 5.88 (d, J = 15.35 Hz, 1H), 

4.17 (q, J = 8.02 Hz, 2H), 1.46-1.38 (m, 1H), 1.28 (td, J = 7.13, 1.24 Hz, 3H), 1.15 (s, 3H), 1.13 

(s, 3H), 0.94-0.90 (m, 1H), 0.66 (t, J = 4.92 Hz, 1H).   
13C{1H} NMR (126 MHz, CDCl3) δ 166.7, 151.3, 119.6, 60.0, 28.3, 26.9, 24.3, 22.3, 20.9, 14.3. 

HRMS (ESI) calc. for C10H17O2: m/z=169.1223, found: m/z=169.1221 

IR (film): 2973, 2944, 2865, 1724, 1630, 1221, 1143, 1035 cm-1 

 

 
 

(14). The reaction was conducted using trans-3-(tert-Butyldimethylsilyloxy)-1-methoxy-1,3-

butadienewithout modification from the general procedure to provide 14 as a colorless oil. 

Run 1: 24.3 mg (68% yield). Run 2: 25.6 mg (72% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 6.42 (d, J = 12.7 Hz, 1H), 5.04 (d, J = 12.6 Hz, 1H), 3.55 (s, 

3H), 1.19 (s, 3H), 0.94 (s, 3H), 0.86 (s, 9H), 0.60 (d, J = 5.3 Hz, 1H), 0.42 (d, J = 5.3 Hz, 1H), 

0.09 (d, J = 3.6 Hz, 6H). 
13C{1H} NMR (126 MHz, CDCl3) δ 149.6, 104.3, 61.5, 56.0, 25.9, 24.3, 22.3, 21.4, 20.2, 18.1. 

HRMS (ESI) calc. for C14H27O2Si: m/z=255.1775, found: m/z=255.1774 

IR (film): 2952, 2923, 2844, 1645, 1458, 1258, 1135, 941 cm-1 

 

 
 

(15). The reaction was conducted using (E)-benzyl(penta-2,4-dien-1-yl)sulfane15 without 

modification from the general procedure to provide 15 as a colorless oil. 

Run 1: 25.7 mg (79% yield). Run 2: 27 mg (83% yield). 

Purification: SiO2 column; CH2Cl2 
1H NMR (300 MHz, CDCl3) δ 7.36 – 7.20 (m, 5H), 5.50 (dt, J = 14.6, 7.2 Hz, 1H), 5.26 (dd, J 

= 15.0, 9.5 Hz, 1H), 3.68 (s, 2H), 3.03 (d, J = 7.2 Hz, 2H), 1.30 (dd, J = 8.4, 5.2 Hz, 1H), 1.10 (s, 

3H), 1.08 (s, 3H), 0.69 (dd, J = 8.7, 4.3 Hz, 1H), 0.36 (t, J = 4.9 Hz, 1H). 
13C{1H} NMR (126 MHz, CDCl3) δ 138.5, 134.2, 128.9, 128.3, 126.7, 125.0, 34.8, 33.4, 27.3, 26.9, 

21.5, 20.6, 18.6. 

HRMS (ESI) calc. for C15H21S: m/z=233.1359, found: m/z=233.1358 
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IR (film): 3030, 2930, 2865, 1501, 1437, 963, 913 cm-1  

 

 
 

(18). The reaction was conducted using (E)-4-methylpenta-2,4-dien-1-ol 1616 without 

modification from the general procedure to provide 18 as a yellow oil. 

Run 1: 11.2 mg (57% yield). Run 2: 11.4 mg (58% yield). 

Purification: SiO2 column; hexane/EtOAc (90:10) 
1H NMR (300 MHz, CDCl3) δ 5.64-5.62 (m, 2H), 4.14-4.11 (m, 2H), 1.24-1.22 (m, 1H), 1.20 

(s, 3H), 1.14 (s, 3H), 1.08 (s, 3H), 0.60 (d, J = 4.55 Hz, 1H), 0.42 (d, J = 4.39 Hz, 1H).   
13C{1H} NMR (126 MHz, CDCl3) δ 139.3, 126.5, 64.2, 28.4, 25.4, 22.9, 22.6, 22.3, 18.5. 

HRMS (ESI) calc. for C9H15O: m/z=139.1117, found: m/z=139.1120 

IR (film): 3324, 2980, 2923, 2858, 1659, 1452, 1379, 1085, 956, 906 cm-1 

 

 
 

Non-Catalytic Furukawa-Type Simmons–Smith Cyclopropanation of 16. In an N2-filled 

glovebox, a 2-dram vial was charged with 16 (0.14 mmol, 1.0 equiv), CH2Cl2 (1.0 mL), and a 

magnetic stir bar. Et2Zn (69 mg, 0.56 mmol, 4.0 equiv) was added dropwise to the solution at –

30 °C. I2CMe2 (166 mg, 0.56 mmol, 4.0 equiv) was added dropwise, and the reaction was allowed 

to warm to room temperature and stirred for 24 h. The reaction mixture was concentrated under 

reduced pressure, and the crude residue was directly loaded onto a SiO2 column to obtain a mixture 

of 16, 17, and 18. Combined Yield of 17 + 18: 35%. Ratio 17:18 = 4:1.  
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Figure S5. 1H NMR comparison of product 18 obtained from the catalytic 

dimethylcyclopropanation (middle) and the mixture of 17, 18, and recovered starting material (16) 

obtained under the Furukawa-type Simmons–Smith conditions (bottom). 

 

 
 

(26). The reaction was conducted using (E)-(3-methylbuta-1,3-dien-1-yl)benzeneError! 

Bookmark not defined. without modification from the general procedure to provide 26 as a 

colorless oil. 

Run 1: 25.8 mg (99% yield). Run 2: 25.3 mg (97% yield). 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 7.37-7.28 (m, 4H), 7.22-7.17 (m, 1H), 6.39 (d, J = 15.97 Hz, 

1H), 6.24 (d, J = 15.97 Hz, 1H), 1.33 (s, 3H), 1.22 (s, 3H), 1.17 (s, 3H), 0.79 (d, J = 4.34 Hz, 1H), 

0.53 (d, J = 4.41 Hz, 1H). 
13C{1H} NMR (126 MHz, CDCl3) δ 138.3, 137.0, 128.5, 127.4, 126.5, 125.7, 28.8, 26.4, 23.3, 23.1, 

22.5, 18.7. 

HRMS (ESI) calc. for C14H17: m/z=185.1325, found: m/z=185.1322 

IR (film): 3016, 2987, 2944, 2865, 1630, 1444, 1114, 1064, 971 cm-1 
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(28). The reaction was conducted using dimethyl (E)-2-allyl-2-(penta-2,4-dien-1-

yl)malonate17 without modification from the general procedure to provide 28 as a yellow oil. 

Run 1: 35.7mg (91% yield). Run 2: 34.5 mg (88% yield). 

Purification: SiO2 column; hexane/EtOAc (95:5) 
1H NMR (300 MHz, CDCl3) δ 5.72-5.57 (m, 1H), 5.27 (t, J = 5.99 Hz, 2H), 5.11 (d, J = 5.81 

Hz, 1H), 5.06 (s, 1H), 3.70 (s, 6H), 2.65-2.59 (m, 4H), 1.22-1.15 (m, 1H), 1.04 (s, 3H), 1.01 (s, 

3H), 0.63-0.59 (m, 1H), 0.27 (t, J = 4.67 Hz, 1H).    
13C{1H} NMR (126 MHz, CDCl3) δ 171.3, 135.7, 132.5, 122.6, 119.0, 58.0, 52.3, 36.8, 35.9, 27.5, 

27.0, 21.4, 20.6, 18.5. 

HRMS (ESI) calc. for C16H25O4: m/z=281.1747, found: m/z=281.1746 

IR (film): 2987, 2958, 2858, 1724, 1437, 1200, 963, 920 cm-1 

 

 

Additional Substrates Exhibiting Modest Yields: 
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4. Procedures for the Vinylcyclopropane Ring-Opening Reactions 

 

 
 

(27). The reaction was conducted using the procedure reported by Louie using 26 to provide 

27 as a colorless oil (65% yield, 10.2 mg).18 

Purification: SiO2 column; pentane 
1H NMR (300 MHz, CDCl3) δ 7.32-7.27 (m, 2H), 7.23-7.15 (m, 3H), 5.29 (t, J = 1.46 Hz, 1H), 

3.88-3.78 (m, 1H), 2.25 (dd, J = 12.58, 8.01 Hz, 1H), 1.71 (dd, J = 1.55, 0.81, Hz, 3H), 1.61 (dd, 

J = 8.30, 4.25, Hz, 1H), 1.08 (s, 3H), 1.08 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 149.3, 147.0, 128.3, 127.3, 126.2, 125.8, 51.2, 48.0, 46.2, 27.6, 

26.0, 12.3. 

HRMS (APCI) calc. for C14H17: m/z=185.1325, found: m/z=185.1326 

IR (film): 3023, 2944, 2930, 2844, 1602, 1501, 1444, 1358, 1035, 834 cm-1 

 

 
 

(29). The reaction was conducted using the procedure reported by Wender using 28 to provide 

29 as a colorless oil (77% yield, 28.1 mg).19 

Purification: SiO2 column; hexane/EtOAc (95:5) 
1H NMR (300 MHz, CDCl3) δ 5.18-5.14 (m, 2H), 3.71 (s, 6H), 2.86 (qd, J = 7.64, 2.48 Hz, 

1H), 2.50-2.39 (m, 2H), 2.26-2.18 (m, 1H), 2.11 (dd, J = 7.95, 5.62 Hz, 1H), 1.95 (dd, J = 8.17, 

5.12 Hz, 1H), 1.74 (d, J = 4.28 Hz, 1H), 1.66-1.60 (m, 1H), 1.51-1.48 (m, 2H), 0.99 (s, 3H), 0.96 

(s, 3H).   
13C{1H} NMR (126 MHz, CDCl3) δ 173.2, 172.9, 139.6, 126.6, 59.0, 52.7, 52.7, 43.9, 41.4, 41.3, 

40.8, 38.7, 37.5, 31.2, 29.8, 26.9. 

HRMS (ESI) calc. for C16H25O4: m/z=281.1747, found: m/z=281.1752. 

IR (film): 3009, 2958, 2858, 1724, 1437, 1250, 1207, 1150, 1064 cm-1 

  



124 

 

Stereochemical Assignment for 29. The relative stereochemistry of the ring fusion was 

assigned as cis by analogy to the products obtained by Wender. Additionally, 29 was hydrogenated 

using a Pd/C catalyst to obtain a mixture of the hydrogenated product and an alkene migration 

product. The hydrogenated product was assigned as the cis diastereomer based on the non-

equivalency 1H NMR signals corresponding to the two methyl groups and the two methyl esters. 
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5. Synthesis and Characterization of Dienoic Esters 

 

Procedure A20,21: 

 

 
 

Step 1:  A 100-mL round bottom flask was charged with the dienoic esterError! Bookmark 

not defined. (4.1 mmol) and a THF/MeOH (1:2, 70 mL) solvent mixture. An aqueous solution of 

2 M NaOH (19 mL) was added dropwise. The reaction mixture was heated at reflux for 4 h.  The 

reaction mixture was cooled to room temperature and concentrated under reduced pressure. The 

crude product was dissolved in water (50 mL), and the aqueous phase was washed with Et2O (3 × 

20 mL). The aqueous phase was acidified with concentrated HCl (aq) and extracted with Et2O (3 

× 50 mL). The combined organic phases were washed with water (2 × 25 mL) then saturated 

aqueous NaCl (2 × 25 mL). The organic phase was dried over anhydrous Na2SO4 and filtered. The 

solvent was removed under vacuum to give provide the dienoic acid22 (460 mg, 89% yield), which 

was carried forward without purification. 

 

Step 2: To a solution of the dienoic acid (460 mg, 3.6 mmol) dissolved in anhydrous 

CH2Cl2 (20 mL) was added oxalyl chloride (0.65 mL, 7.2 mmol). The mixture was stirred at room 

temperature for 12 h. The solvent was evaporated under vacuum to provide the acid chloride (S1) 

(505 mg, 97%) as a yellow oil. The crude product was carried forward without further purification.  
1H NMR (300 MHz, CDCl3) δ 7.74 (dd, J = 14.60, 11.72 Hz, 1H), 6.08 (d, J = 11.78 Hz, 1H), 

5.98 (d, J = 14.55 Hz, 1H), 1.97 (s, 3H), 1.95 (s, 3H).  

 

Step 3: To a solution of 3-phenoxy-benzenemethanol (505 mg, 3.5 mmol) in dry toluene (10 

mL) was added pyridine (0.5 mL). Acid chloride S1 was added dropwise, and the reaction mixture 

was stirred overnight at room temperature. The reaction was quenched with water (10 mL) and 

extracted with Et2O (3 × 20 mL). The organic phase was washed with 1 M HCl then saturated 

NaCl (aq). The organic phase was dried over Na2SO4, filtered, and concentrated under vacuum. 

The crude residue was purified by column chromatography (hexane/CH2Cl2) to afford S2 in an 

isomerically pure form (452 mg, 43% yield). 
1H NMR (300 MHz, CDCl3) δ 7.62 (dd, J = 10.82, 3.56 Hz, 1H), 7.34 (q, J = 7.53 Hz, 3H), 

7.15-7.09 (m, 2H), 7.05-7.01 (m, 3H), 6.97-6.93 (m, 1H), 6.00 (d, J = 11.61 Hz, 1H), 5.82 (d, J = 

15.18 Hz, 1H), 5.17 (s, 2H), 1.89 (s, 6H). 
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13C{1H} NMR (126 MHz, CDCl3) δ 167.4, 157.5, 157.0, 146.9, 141.7, 138.4, 129.8, 123.7, 123.4, 

122.6, 119.0, 118.2, 118.0, 65.4, 26.6, 19.0. 

HRMS (ESI) calc. for C20H20O3: m/z=309.1485, found: m/z=309.1481. 

IR (film): 3052, 2901, 1695, 1566, 1466, 1258, 1207, 1121, 985 cm-1 
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Procedure B:23 

 

 
 

The following dienoic esters were synthesized using the Horner—Wadsworth—Emmons 

reaction following the literature procedure:  

 

 
 

(S3). The reaction was conducted using 2-cyclobutylideneacetaldehyde24 without modification 

from procedure B to provide S3 as a colorless oil (56% yield) 
1H NMR (300 MHz, CDCl3) δ 7.25 (dd, J = 15.32, 11.47, Hz, 1H), 5.97-5.86 (m, 1H), 5.70 (dt, 

J = 15.30, 0.81 Hz, 1H), 4.19 (q, J = 7.13 Hz, 2H), 2.89 (t, J = 7.99 Hz, 2H), 2.80 (t, J = 7.92 Hz, 

2H), 2.05 (tt, J = 8.20, 7.39 Hz, 2H), 1.28 (t, J = 7.14 Hz, 3H).    
13C{1H} NMR (126 MHz, CDCl3) δ 167.6, 157.3, 140.8, 119.5, 117.5, 60.1, 32.1, 30.7, 16.9, 14.3. 

HRMS (ESI) calc. for C10H15O2: m/z=167.1067, found: m/z=167.1068 

IR (film): 2973, 2937, 2908, 1716, 1652, 1616, 1258, 1186, 1129, 971 cm-1 

 

 
 

(S4). The reaction was conducted using 2-cyclopentylideneacetaldehydeError! Bookmark 

not defined. without modification from procedure B to provide S4 as a colorless oil (41% yield) 
1H NMR (300 MHz, CDCl3) δ 7.44 (dd, J = 15.17, 11.66, Hz, 1H), 6.09 (d, J = 11.60 Hz, 1H), 

5.71 (d, J = 15.24 Hz, 1H), 4.20 (q, J = 7.13 Hz, 2H), 2.49 (t, J = 6.85 Hz, 2H), 2.39 (t, J = 6.97 

Hz, 2H), 1.74 (quintet, J = 6.78 Hz, 2H), 1.68 (quintet, J = 6.59 Hz, 2H), 1.29 (t, J = 7.12 Hz, 3H).    
13C{1H} NMR (126 MHz, CDCl3) δ 167.7, 159.1, 142.5, 119.1, 117.7, 60.1, 34.8, 30.2, 26.2, 26.0, 

14.4. 

HRMS (ESI) calc. for C11H17O2: m/z=181.1223, found: m/z=181.1222. 

IR (film): 2966, 2880, 1702, 1630, 1372, 1258, 1200, 1129, 963 cm-1 

 

 
 

(S5). The reaction was conducted using 2-cyclohexylideneacetaldehyde25 without 

modification from procedure B to provide S5 as a colorless oil (38% yield) 
1H NMR (300 MHz, CDCl3) δ 7.63 (dd, J = 15.20, 11.70, Hz, 1H), 5.93 (d, J = 11.56 Hz, 1H), 

5.79 (d, J = 15.17 Hz, 1H), 4.20 (q, J = 7.12 Hz, 2H), 2.42-2.36 (m, 2H), 2.24-2.18 (m, 2H), 1.63-

1.57 (m, 6H), 1.29 (t, J = 7.11 Hz, 3H).  
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13C{1H} NMR (126 MHz, CDCl3) δ 167.8, 154.3, 140.4, 120.5, 118.8, 60.1, 37.8, 29.8, 28.5, 27.9, 

26.5, 14.4. 

HRMS (ESI) calc. for C12H19O2: m/z=195.1380, found: m/z=195.1377 

IR (film): 2930, 2844, 1702, 1624, 1301, 1272, 1164, 1129, 977, 870 cm-1 

 

 
 

(S6). The reaction was conducted using 3-ethylpent-2-enal26 without modification from 

procedure B to provide S6 as a colorless oil (54% yield) 
1H NMR (300 MHz, CDCl3) δ 7.63 (dd, J =15.12, 11.64, Hz, 1H), 5.94 (d, J = 11.78 Hz, 1H), 

5.80 (d, J = 15.14 Hz, 1H), 4.21 (q, J = 7.13 Hz, 2H), 2.32 (q, J = 7.58 Hz, 2H), 2.19 (q, J = 7.49 

Hz, 2H), 1.30 (dt, J = 7.13, 1.51 Hz, 3H), 1.06 (dq, J = 3.98, 1.49 Hz, 6H).  
13C{1H} NMR (126 MHz, CDCl3) δ 167.7, 157.4, 140.7, 121.3, 119.0, 60.1, 30.0, 24.4, 14.4, 13.8, 

12.4. 

HRMS (ESI) calc. for C11H19O2: m/z=183.1380, found: m/z=183.1379. 

IR (film): 2980, 2937, 2837, 1702, 1630, 1358, 1272, 1135, 985, 877 cm-1 
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6. Procedures for the Dimethylcyclopropanation of Dienoic Esters 

 

General procedure for the dimethylcyclopropanation of dienoic esters. In an N2-filled 

glovebox, a 2-dram vial was charged with the [2-tBuPDI]CoBr2 catalyst 3 (9.0 mg, 0.014 mmol, 

0.10 equiv), the substrate (0.14 mmol, 1.0 equiv), Zn powder (18 mg, 0.28 mmol, 2.0 equiv), ZnBr2 

(31 mg, 0.14 mmol, 1.0 equiv), 1,2-dichloroethane (1.0 mL), and a magnetic stir bar. The reaction 

mixture was stirred at room temperature for approximately 15 min during which time a deep violet 

color developed. Me2CBr2 (56.5 mg, 0.28 mmol, 2.0 equiv) was added, and stirring was continued 

at room temperature. After 24 h, the reaction mixture was concentrated under reduced pressure, 

and the crude residue was directly loaded onto a SiO2 column for purification. 

 

 

 

(19). The reaction was conducted using ethyl (E)-5-methylhexa-2,4-dienoate27 without 

modification from the general procedure to provide 19 as a colorless oil. 

Run 1: 17.9 mg (65% yield, >19:1 trans/cis). Run 2: 16.2 mg (59% yield, 13:1 trans/cis). 

Purification: SiO2 column; (1:1) CH2Cl2:Hexane 
1H NMR (300 MHz, CDCl3) δ 4.88 (d, J = 9.44 Hz, 1H), 4.17-4.07 (m, 2H), 2.06-2.02 (m, 1H), 

1.73-1.67 (m, 6H), 1.37 (d, J = 5.34 Hz, 1H), 1.25 (t, J = 7.25 Hz, 6H), 1.13 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 172.5, 135.4, 121.2, 60.2, 34.8, 32.6, 28.5, 25.6, 22.2, 20.4, 18.5, 

14.4. 

HRMS (ESI) calc. for C12H21O2: m/z=197.1536, found: m/z=197.1538. 

IR (film): 2958, 2915, 2880, 1731, 1150 cm-1 

 

 

 

(20). The reaction was conducted using S2 without modification from the general procedure 

to provide 20 as a colorless oil. 

Run 1: 27.5 mg (56% yield, >19:1 trans/cis). Run 2: 26.5 mg (54% yield, 11:1 trans/cis). 

Purification: SiO2 column; (1:1) CH2Cl2:Hexane 
1H NMR (300 MHz, CDCl3) δ 7.36-7.30 (m, 3H), 7.11 (q, J = 8.56 Hz, 2H), 7.03-7.01 (m, 3H), 

6.95 (d, J = 7.96 Hz, 1H), 5.09 (s, 2H), 4.89 (d, J = 7.86 Hz, 1H), 2.09-2.07 (m, 1H), 1.72 (s, 3H), 

1.70 (s, 3H), 1.45 (d, J = 5.33 Hz, 1H), 1.26 (s, 3H), 1.13 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 172.3, 157.5, 157.0, 138.4, 135.6, 129.8, 129.8, 123.4, 122.7, 

121.0, 119.0, 118.3, 118.2, 65.6, 34.7, 33.0, 28.9, 25.6, 22.2, 20.5, 18.5. 

HRMS (ESI) calc. for C23H27O3: m/z=351.1955, found: m/z=351.1958. 
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IR (film): 3030, 2944, 2923, 2865, 1724, 1573, 1487, 1473, 1243, 1121 cm-1 

 

 

 

 

 

 

(21). The reaction was conducted using S3 without modification from the general procedure 

to provide 21 as a colorless oil. 

Run 1: 23.3 mg (80% yield, 8:1 trans/cis). Run 2: 21.9 mg (75% yield, 9:1 trans/cis). 

Purification: SiO2 column; (1:1) CH2Cl2:Hexane 
1H NMR (500 MHz, CDCl3) δ 4.85-4.81 (m, 1H), 4.14-4.08 (m, 2H), 2.75-2.69 (m, 2H), 2.66 

(t, J = 8.76 Hz, 2H), 1.96 (quintet, J = 7.84 Hz, 2H), 1.88 (dd, J = 8.86, 5.27, Hz, 1H), 1.41 (d, J 

= 5.31 Hz, 1H), 1.26 (d, J = 8.13 Hz, 3H), 1.24 (s, 3H), 1.14 (s, 3H).       
13C{1H} NMR (126 MHz, CDCl3) δ 172.4, 143.2, 117.1, 60.2, 34.4, 32.7, 31.2, 29.7, 28.2, 22.2, 20.3, 

17.1, 14.4. 

HRMS (ESI) calc. for C13H21O2: m/z=209.1536, found: m/z=209.1532 

IR (film): 2973, 2937, 2865, 1716, 1272, 1221, 1172, 841 cm-1 

 

 
 

(22). The reaction was conducted using S4 without modification from the general procedure 

to provide 22 as a colorless oil. 

Run 1: 22.1 mg (71% yield, 13:1 trans/cis). Run 2: 23.7 mg (76% yield, 12:1 trans/cis). 

Purification: SiO2 column; (1:1) CH2Cl2:Hexane 
1H NMR (300 MHz, CDCl3) δ 5.02 (dt, J = 2.20, 8.53 Hz, 1H), 4.12 (dq, J = 7.10, 2.87, Hz, 

2H), 2.31-2.22 (m, 4H), 1.99 (dd, J = 8.55, 5.34, Hz, 1H), 1.70-1.57 (m, 4H), 1.39 (d, J = 5.32 Hz, 

1H), 1.26 (t, J = 7.13 Hz, 6H), 1.14 (s, 3H).       
13C{1H} NMR (126 MHz, CDCl3) δ 172.5, 146.8, 116.6, 60.1, 34.8, 34.0, 33.8, 29.3, 28.4, 26.5, 26.4, 

22.3, 20.5, 14.4. 

HRMS (ESI) calc. for C14H23O2: m/z=223.1693, found: m/z=223.1691 

IR (film): 2952, 2858, 1710, 1365, 1236, 1172, 1135, 1028 cm-1  
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(23). The reaction was conducted using S5 without modification from the general procedure 

to provide 23 as a colorless oil. 

Run 1: 23.2 mg (70% yield, 13:1 trans/cis). Run 2: 22.5 mg (68% yield, 13:1 trans/cis). 

Purification: SiO2 column; (1:1) CH2Cl2:Hexane 
1H NMR (300 MHz, CDCl3) δ 4.82 (d, J = 7.83 Hz, 1H), 4.17-4.05 (m, 2H), 2.21-2.16 (m, 2H), 

2.08-2.04 (m, 3H), 1.57-1.48 (m, 6H), 1.36 (d, J = 5.23 Hz, 1H), 1.25 (t, J = 3.34 Hz, 6H), 1.12 (s, 

3H).    
13C{1H} NMR (126 MHz, CDCl3) δ 172.6, 143.5, 117.8, 60.1, 36.8, 34.9, 31.7, 29.4, 28.6, 28.5, 27.7, 

26.8, 22.2, 20.4, 14.4. 

HRMS (ESI) calc. for C15H25O2: m/z=237.1849, found: m/z=237.1847 

IR (film): 2930, 2851, 1731, 1423, 1372, 1207, 1150, 1121, 834 cm-1 

 

 
 

(24). The reaction was conducted using ethyl (E)-5,5-diphenylpenta-2,4-dienoate28 without 

modification from the general procedure to provide 24 as a colorless oil. 

Run 1: 9.9 mg (22% yield, >19:1 trans/cis). Run 2: 8.5 mg (19% yield, 16:1 trans/cis). 

Purification: SiO2 column; (1:1) CH2Cl2:Hexane 
1H NMR (300 MHz, CDCl3) δ 7.41-7.29 (m, 4H), 7.24-7.21 (m, 6H), 6.50 (d, J =9.45 Hz, 1H), 

4.15 (q, J = 7.0 Hz, 2H), 1.86 (t, J = 8.87 Hz, 1H), 1.68 (d, J = 8.56 Hz, 1H), 1.38 (s, 3H), 1.28 (t, 

J = 7.11 Hz, 3H), 1.14 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 171.2, 143.4, 142.6, 140.2, 130.4, 128.1, 128.1, 127.4, 127.0, 

126.9, 123.8, 60.0, 34.0, 32.7, 28.3, 28.0, 15.1, 14.4. 

HRMS (ESI) calc. for C22H25O2: m/z=321.1849, found: m/z=321.1854 

IR (film): 3052, 3030, 2952, 1724, 1200, 1143, 1100 cm-1  
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(25). The reaction was conducted using S6 without modification from the general procedure 

to provide 25 as a colorless oil. 

Run 1: 17.6 mg (56% yield, >19:1 trans/cis). Run 2: 15.1 mg (48% yield, >19:1 trans/cis). 

Purification: SiO2 column; (1:1) CH2Cl2:Hexane 
1H NMR (300 MHz, CDCl3) δ 4.82 (d, J = 8.07 Hz, 1H), 4.16 – 4.09 (m, 2H), 2.16-2.09 (m, 

5H), 1.39 (d, J = 5.34 Hz, 1H), 1.26 (t, J = 7.25 Hz,  6H), 1.13 (s, 3H), 0.98 (td, J = 7.50, 1.92 Hz, 

6H) 
13C{1H} NMR (126 MHz, CDCl3) δ 172.5, 146.9, 119.2, 60.1, 35.1, 32.2, 29.2, 28.5, 23.9, 22.2, 20.4, 

14.4, 13.2, 12.8. 

HRMS (ESI) calc. for C16H25O2: m/z=225.1849, found: m/z=225.1851 

IR (film): 2958, 2930, 2887, 1716, 1458, 1365, 1200, 1150, 1100, 1035, 841 cm-1 
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7. Procedure for the Dimethylcyclopropanation of Activated Alkenes 

 

General procedure for the dimethylcyclopropanation of activated alkenes. In an N2-filled 

glovebox, a 2-dram vial was charged with the [2-tBuPDI]CoBr2 catalyst 3 (9.0 mg, 0.014 mmol, 

0.10 equiv), the substrate (0.14 mmol, 1.0 equiv), Zn powder (18 mg, 0.28 mmol, 2.0 equiv), ZnBr2 

(31 mg, 0.14 mmol, 1.0 equiv), THF (1.0 mL), and a magnetic stir bar. The reaction mixture was 

stirred at room temperature for approximately 15 min during which time a deep violet color 

developed. Me2CCl2 (31.6 mg, 0.28 mmol, 2.0 equiv) was added, and stirring was continued at 

room temperature. After 24 h, the reaction mixture was concentrated under reduced pressure, and 

the crude residue was directly loaded onto a SiO2 column for purification. 

 

 
 

(30). The reaction was conducted using cyclopentene without modification from the general 

procedure to provide 30 as a colorless oil. 

Purification: SiO2 column; pentane 
1H NMR Yield. Run 1: 88%; Run 2: 85% 
1H NMR (300 MHz, CDCl3) δ 1.85-1.75 (m, 2H), 1.52-1.27 (m, 4H), 1.05 (d, J = 4.3 Hz, 2H), 

0.95 (s, 3H), 0.90 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 31.5, 28.0, 27.8, 25.3, 14.5, 14.1. 

 

 

 

(31). The reaction was conducted using cyclooctene without modification from the general 

procedure to provide 31 as a colorless oil. 

Purification: SiO2 column; pentane 

Yield 1: 83%, 17.7 mg; Yield 2: 78%, 16.6 mg 
1H NMR (300 MHz, CDCl3) δ 1.76-1.55 (m, 6H), 1.40-1.29 (m, 4H), 1.08-1.02 (m, 1H), 1.01 

(s, 3H), 0.99-0.97 (m, 1H), 0.92 (s, 3H), 0.34-0.25 (m, 2H). 
13C{1H} NMR (126 MHz, CDCl3) δ 29.7, 29.2, 26.6, 26.5, 22.4, 16.4, 15.1.  

HRMS (APCI) calc. for C11H20: m/z=152.1560, found: m/z=152.1557 

IR (film): 2923, 2844, 1452, 1372 cm-1 

 

 

 
(32). The reaction was conducted using indene without modification from the general 

procedure to provide 32 as a colorless oil. 
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Purification: SiO2 column; pentane 

Yield 1: 75%, 16.7 mg; Yield 2: 82%, 18.3 mg 
1H NMR (300 MHz, CDCl3) δ 7.24-7.22 (m, 1H), 7.12-7.07 (m, 3H), 3.10 (dd, J = 17.43, 7.26 

Hz, 1H), 2.77 (d, J = 17.40 Hz, 1H), 2.24 (dd, J = 6.36, 1.23 Hz, 1H), 1.60 (t, J = 6.86 Hz, 1H),1.16 

(s, 3H) 0.63 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 145.0, 143.8, 125.8, 125.2, 124.3, 124.0, 37.2, 32.0, 29.1, 26.8, 

21.4, 13.8.  

HRMS (ESI) calc. for C12H15: m/z=159.1168, found: m/z=159.1166 

IR (film): 3023, 2944, 2908, 2858, 1480, 1372, 1114, 884 cm-1 

 

 
 

(33). The reaction was conducted using norbornene without modification from the general 

procedure to provide 33 as a colorless oil. 

Purification: SiO2 column; pentane 

Yield 1:66%, 12.7 mg; Yield 2: 67%, 12.8 mg 
1H NMR (300 MHz, CDCl3) δ 2.32 (s, 2H), 1.46-1.35 (m, 3H), 1.25-1.19 (m, 2H), 1.17 (s, 3H), 

0.88 (s, 3H), 0.64 (d, J = 10.64 Hz, 1H), 0.43 (s, 2H).  

13C{1H} NMR (126 MHz, CDCl3) δ 36.0, 31.1, 31.0, 30.8, 30.5, 18.6, 16.1.  

HRMS (APCI) calc. for C10H17: m/z=137.1325, found: m/z=137.1320 

IR (film): 2958, 2908, 2844, 1444 cm-1 

 

 
 

(35). The reaction was conducted using N-Boc-2,5-dihydro-1H-pyrrole without modification 

from the general procedure to provide 35 as a yellow oil. 

Run 1: 26.2 mg (89% yield). Run 2: 26.6 mg (91% yield).  

Purification: SiO2 column; Hexane/EtOAc (80:20) 
1H NMR (300 MHz, CDCl3) δ 3.48-3.38 (m, 2H), 3.35-3.24 (m, 2H), 1.42 (s, 9H), 1.29-1.27 

(m, 2H), 1.00 (s, 3H), 0.90 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 153.9, 79.0, 46.1, 45.9, 28.5, 27.9, 27.1, 26.3, 18.9, 12.4. 

HRMS (ESI) calc. for C12H21NO2Na: m/z=234.1465, found: m/z=234.1467 

IR (film): 2966, 2930, 2880, 1702, 1409, 1379, 1178, 1107, 870 cm-1 
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(37). The reaction was conducted using iminostilbene without modification from the general 

procedure to provide 37 as a white solid. 

Run 1: 30.6 mg (93% yield). Run 2: 32.5 mg (99% yield).  

Purification: SiO2 column; hexane/EtOAc (95:5) 
1H NMR (300 MHz, CDCl3) δ 7.27 (dd, J = 7.44, 1.18, Hz, 2H), 7.07 (td, J = 7.66, 1.67 Hz, 

2H), 6.92 (td, J = 7.44, 1.28 Hz, 2H), 6.81 (dd, J = 7.93, 1.26 Hz, 2H), 5.55 (br s, 1H), 2.30 (s, 

2H), 1.50 (s, 3H), 0.59 (s, 3H). 
13C{1H} NMR (100 MHz, CDCl3) δ 144.0, 133.3, 126.4, 125.7, 121.0, 119.5, 30.9, 28.7, 27.8, 18.5. 

HRMS (ESI) calc. for C17H18N: m/z=236.1434, found: m/z=236.1436 

IR (film): 3367, 2966, 2937, 2865, 1587, 1480, 1329, 1250, 1107, 1028, 913 cm-1 

m.p.: 133-136°C 

 

 
 

(38). The reaction was conducted using 37 under previously reported conditions29 to provide 

38 as a white solid. 

Run 1: 23.3 mg (64% yield)  

Purification: SiO2 column; 100% EtOAc 
1H NMR (300 MHz, DMSO-d6) δ 7.28-7.25 (m, 2H), 7.24-7.21 (m, 4H), 7.19-7.14 (m, 2H), 

5.65 (br s, 2H), 2.20 (s, 2H), 1.40 (s, 3H), 0.42 (s, 3H). 
13C{1H} NMR (100 MHz, DMSO-d6) δ 157.5, 143.5, 135.4, 132.7, 129.3, 127.8, 127.4, 28.6, 28.1, 

19.6, 19.0. 

HRMS (ESI) calc. for C18H19N2O: m/z=279.1492, found: m/z=279.1491 

IR (film): 3475, 3318, 3203, 2930, 1673, 1581, 1480, 1393, 920 cm-1 

m.p.: 176-177 °C  
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8. NMR Spectra 

 
 

 
Figure S6. 1H NMR spectrum for 2 (CDCl3, 295 K) 

  
Figure S7. 13C{1H} NMR spectrum for 2 (CDCl3, 295 K) 
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Figure S8: 1H NMR spectrum for 4 (CDCl3, 295 K) 

 

 
Figure S9: 13C{1H} NMR spectrum for 4 (CDCl3, 295 K) 
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Figure S10: 1H NMR spectrum for 5 (CDCl3, 295 K) 

 

 
Figure S11: 13C{1H} NMR spectrum for 5 (CDCl3, 295 K) 
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Figure S12: 1H NMR spectrum for 6 (CDCl3, 295 K) 

 

 
Figure S13: 13C{1H} NMR spectrum for 6 (CDCl3, 295 K) 
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Figure S14: 1H NMR spectrum for 7 (CDCl3, 295 K) 

 

 
 Figure S15: 13C{1H} NMR spectrum for 7 (CDCl3, 295 K) 
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Figure S16: 1H NMR spectrum for 8 (CDCl3, 295 K) 

 

 
Figure S17: 13C{1H} NMR spectrum for 8 (CDCl3, 295 K) 
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Figure S18: 1H NMR spectrum for 9 (CDCl3, 295 K) 

 

Figure S19: 13C{1H} NMR spectrum for 9 (CDCl3, 295 K) 
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Figure S20: 11B NMR spectrum for 9 (CDCl3, 295 K) 
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Figure S21: 1H NMR spectrum for 10 (CDCl3, 295 K) 

 

 
Figure S22: 13C{1H} NMR spectrum for 10 (CDCl3, 295 K) 
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Figure S23: 1H NMR spectrum for 11 (CDCl3, 295 K) 

 

 
Figure S24: 13C{1H} NMR spectrum for 11 (CDCl3, 295 K) 
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Figure S25: 31P NMR spectrum for 11 (CDCl3, 295 K) 
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Figure S26: 1H NMR spectrum for 12 (CDCl3, 295 K) 

 

 
Figure S27: 13C{1H} NMR spectrum for 12 (CDCl3, 295 K) 
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Figure S28: 1H NMR spectrum for 13 (CDCl3, 295 K) 

 

 
Figure S29: 13C{1H} NMR spectrum for 13 (CDCl3, 295 K) 
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Figure S30: 1H NMR spectrum for 14 (CDCl3, 295 K) 

 

 

 
 

Figure S31: 13C{1H} NMR spectrum for 14 (CDCl3, 295 K) 
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Figure S32: 1H NMR spectrum for 15 (CDCl3, 295 K) 

 

 

 
Figure S33: 13C{1H} NMR spectrum for 15 (CDCl3, 295 K) 
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Figure S34: 1H NMR spectrum for 18 (CDCl3, 295 K) 

 

 
Figure S35: 13C{1H} NMR spectrum for 18 (CDCl3, 295 K) 



152 

 

 
 

 
Figure S36: 1H NMR spectrum for 26 (CDCl3, 295 K) 

 

 
Figure S37: 13C{1H} NMR spectrum for 26 (CDCl3, 295 K) 
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Figure S38: 1H NMR spectrum for 27 (CDCl3, 295 K) 

 

 
Figure S39: 13C{1H} NMR spectrum for 27 (CDCl3, 295 K) 
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Figure S40: 1H NMR spectrum for 28 (CDCl3, 295 K) 

 

 
Figure S41: 13C{1H} NMR spectrum for 28 (CDCl3, 295 K) 
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Figure S42: 1H NMR spectrum for 29 (CDCl3, 295 K) 

 

 
Figure S43: 13C{1H} NMR spectrum for 29 (CDCl3, 295 K) 
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Figure S44: COSY spectrum for 29 (CDCl3, 295 K) 

 

 
Figure S45: NOESY spectrum for 29 (CDCl3, 295 K) 
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Figure S46: 1H NMR spectrum for S2 (CDCl3, 295 K) 

 

 
Figure S47: 13C{1H} NMR spectrum for S2 (CDCl3, 295 K) 
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Figure S48: 1H NMR spectrum for S3 (CDCl3, 295 K) 

 

 
Figure S49: 13C{1H} NMR spectrum for S3 (CDCl3, 295 K) 
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Figure S50: 1H NMR spectrum for S4 (CDCl3, 295 K) 

 

 
Figure S51: 13C{1H} NMR spectrum for S4 (CDCl3, 295 K) 
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Figure S52: 1H NMR spectrum for S5 (CDCl3, 295 K) 

 

 
Figure S53: 13C{1H} NMR spectrum for S5 (CDCl3, 295 K) 
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Figure S54: 1H NMR spectrum for S6 (CDCl3, 295 K) 

 

 
Figure S55: 13C{1H} NMR spectrum for S6 (CDCl3, 295 K) 
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Figure S56: 1H NMR spectrum for 19 (CDCl3, 295 K) 

 

 
 Figure S57: 13C{1H} NMR spectrum for 19 (CDCl3, 295 K) 
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Figure S58: 1H NMR spectrum for 20 (CDCl3, 295 K) 

 

 
Figure S59: 13C{1H} NMR spectrum for 20 (CDCl3, 295 K) 
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Figure S60: 1H NMR spectrum for 21 (CDCl3, 295 K) 

 

 
Figure S61: 13C{1H} NMR spectrum for 21 (CDCl3, 295 K 
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Figure S62: 1H NMR spectrum for 22 (CDCl3, 295 K) 
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Figure S63: 13C{1H} NMR spectrum for 22 (CDCl3, 295 K)  
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Figure S64: 1H NMR spectrum for 23 (CDCl3, 295 K) 

 
Figure S65: 13C{1H} NMR spectrum for 23 (CDCl3, 295 K) 
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Figure S66: 1H NMR spectrum for 24 (CDCl3, 295 K) 

 

 
Figure S67: 13C{1H} NMR spectrum for 24 (CDCl3, 295 K) 
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Figure S68: 1H NMR spectrum for 25 (CDCl3, 295 K) 

 

 
Figure S69: 13C{1H} NMR spectrum for 25 (CDCl3, 295 K) 
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Figure S70: 1H NMR spectrum for 31 (CDCl3, 295 K) 

 

 
Figure S71: 13C{1H} NMR spectrum for 31 (CDCl3, 295 K) 
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Figure S72: 1H NMR spectrum for 32 (CDCl3, 295 K) 

 

 
Figure S73: 13C{1H} NMR spectrum for 32 (CDCl3, 295 K) 
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Figure S74: 1H NMR spectrum for 33 (CDCl3, 295 K) 

 

Figure S75: 13C{1H} NMR spectrum for 33 (CDCl3, 295 K) 

 



173 

 

 

 
Figure S76: 1H NMR spectrum for 35 (CDCl3, 295 K) 

 

 
Figure S77: 13C{1H} NMR spectrum for 35 (CDCl3, 295 K) 
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Figure S78: 1H NMR spectrum for 37 (CDCl3, 295 K) 

 
Figure S79: 13C{1H} NMR spectrum for 37 (CDCl3, 295 K) 
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Figure S80: 1H NMR spectrum for 38 (DMSO-d6, 295 K) 

 
Figure S81: 13C{1H} NMR spectrum for 38 (DMSO-d6, 295 K)  
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9. IR Spectra 
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Figure S82: ATR-IR spectrum for 2 
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Figure S83: ATR-IR spectrum for 4  
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Figure S84: ATR-IR spectrum for 5  
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Figure S85: ATR-IR spectrum for 6 
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Figure S86: ATR-IR spectrum for 7 
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Figure S87: ATR-IR spectrum for 8  
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Figure S88: ATR-IR spectrum for 9  
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Figure S89: ATR-IR spectrum for 10  
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Figure S90: ATR-IR spectrum for 11  
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Figure S91: ATR-IR spectrum for 12  
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Figure S92: ATR-IR spectrum for 13  
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Figure S93: ATR-IR spectrum for 14  
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Figure S94: ATR-IR spectrum for 15  
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Figure S95: ATR-IR spectrum for 18 
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Figure S96: ATR-IR spectrum for 26 
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Figure S97: ATR-IR spectrum for 27 

 

  



192 

 

 

4500 4000 3500 3000 2500 2000 1500 1000

70

75

80

85

90

95

100

 (cm-1)

%
 T

ra
n
s
m

it
ta

n
c
e

 
Figure S98: ATR-IR spectrum for 28  
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Figure S99: ATR-IR spectrum for 29 
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Figure S100: ATR-IR spectrum for S2  
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Figure S101: ATR-IR spectrum for S3 
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Figure S102: ATR-IR spectrum for S4 
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Figure S103: ATR-IR spectrum for S5  
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Figure S104: ATR-IR spectrum for S6  
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Figure S105: ATR-IR spectrum for 19  
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Figure S106: ATR-IR spectrum for 20  
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Figure S107: ATR-IR spectrum for 21 
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Figure S108: ATR-IR spectrum for 22 
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Figure S109: ATR-IR spectrum for 23  
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Figure S110: ATR-IR spectrum for 24 
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Figure S111: ATR-IR spectrum for 25  
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Figure S112: ATR-IR spectrum for 31 
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Figure S113: ATR-IR spectrum for 32 
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Figure S114: ATR-IR spectrum for 33 
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Figure S115: ATR-IR spectrum for 35 
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Figure S116: ATR-IR spectrum for 37  
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Figure S117: ATR-IR spectrum for 38  
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