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Three distinct methods to achieve the stereoselective synthesis of carbon-carbon 

bonds were investigated, encompassing: (i) the formation of axially chiral biaryl 

molecules by enantioselective Suzuki cross-coupling, (ii) the synthesis of -

phenylalkylboronic esters by enantioselective chain extension, and (iii) the 

stereospecific synthesis of alkenes by eliminative cross-coupling of enantioenriched 

sp
3
-hybridized carbenoids. 

In the first part, 7,7’-dihydroxy-8,8’-biquinolyl was converted to 7’-butoxy-7-

(diphenylphosphino)- 8,8’-biquinoyl in four-steps via Mitsunobu monoetherification, 

trifylation, phosphination, and phosphine-oxide reduction (63% overall yield). 

Enantiomerically pure phosphine obtained by preparative chiral stationary phase 

HPLC was combined with Pd2dba3 and investigated for the synthesis of axially chiral 

biaryl compounds (Ar-Ar’) from aryl bromides (ArBr) and aryl boronic acids 

[Ar’B(OH)2] in the presence of K3PO4 in PhMe solvent (6 examples, 4-97% yield, 4-

74% ee). The analogous carbocyclic ligand 2-(diphenylphosphino)-2’-methoxy-1,1’-

binaphthyl (MOP) was studied for comparative purposes and found to be effective for 

the synthesis of hindered 2,2’-disubstituted 1,1’-binaphthyls (78-83% yield, 20-38% 

ee). 



 

 

In the second part, chain extension of boronic esters by the action of configurationally 

labile racemic lithium carbenoids in the presence of scalemic bisoxazoline ligands 

was explored for the enantioselective synthesis of -phenylalkylboronic esters via the 

newly introduced principle of stereoinductive reagent-controlled homologation. 

Enantioenriched 2° carbinols generated by oxidative work-up (NaOOH) of initial -

phenylalkylboronate products were obtained in 35-73% yield and 70-96% ee by 

reaction of B-alkyl and B-aryl neopentyl glycol boronates with a combination of O-

(-lithiobenzyl)-N,N-diisopropylcarbamate and ligand 3,3-bis[(4S)-4,5-dihydro-4-

isopropyloxazol-2-yl)pentane in toluene solvent (–78 °C to rt) with MgBr2·OEt2 

additive. 

In the third part, enantioenriched lithiated carbamates [CArR
2
Li(O2CNiPr2)] were 

combined with enantioenriched -carbamoyloxyboronates 

[CHR
3
[B(OR)2](O2CNiPr2)]  to achieve alkene synthesis by a cross-coupling process 

involving a sequence of three stereospecific fundamental steps: (i) electrophilic 

substitution, (ii) 1,2-metallate rearrangement, and (iii) -elimination. By this 

sequence, stereochemical information encoded within the two carbenoid building 

blocks is translated into any desired configuration of the targeted alkene [(E)- or (Z)-

isomer] as determined by choice of carbenoid stereochemical pairing, either like [i.e., 

(R) + (R) or (S) + (S)] or unlike [i.e., (R) + (S)], and elimination mechanism type (syn 

or anti). Herein, the eliminative cross-coupling concept was established for the 

synthesis of (E)- and (Z)-isomers of a variety of 1-aryl-1,2-dialkylethenes [10 

examples of (E)-isomers, 11-70% yield, E:Z 90:10 to >98:2; 10 examples of (Z)-

isomers, 19-70% yield, Z:E 67:33 to >98:2]. For example, a like combination of (S)-

-[(diisopropylamino)carbonyloxy]-1-lithio-1-phenylethane (97% ee) and N,N-

diisopropyl O-[(S)-3-phenyl-1-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)]prop-1-yl 

carbamate (97% ee) in diethyl ether-toluene at –78 °C led to (Z)-2,5-diphenylpent-2-

ene in 70% yield and E:Z = 5:95 after warming to 80 °C. By contrast, the analogous 

unlike eliminative cross-coupling reaction (i.e., (R)-lithiated carbamate with (S)-boryl 

carbamate) gave (E)-2,5-diphenylpent-2-ene in 70% yield and E:Z > 98:2. 
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Preface 

Carbon-carbon bond formation is one of the most important topics of synthetic organic 

chemistry. Hundreds of name reactions involve C–C bond formation.
1
 Seven organic 

reagents/methods for C–C bond formation have been recognized by the Nobel Prize, 

including Grignard reagents (1912), Diels-Alder reaction (1950), Wittig reaction (1979), 

olefin metathesis (2005), Heck reaction (2010), Suzuki reaction (2010) and Negishi reaction 

(2010). The art of organic synthesis is the art of C–C bond formation. 

Three different projects focused on different stereoselective C–C bond formation are 

summarized in this dissertation. 

The first project involved design, synthesis and evaluation of a novel chiral phosphine 

ligand in an enantioselective palladium-catalyzed Suzuki cross-coupling reaction to make 

biaryl molecules.
2
 

The second project was an enantioselective chain extension of various types of boronic 

esters with configurationally labile carbenoid species by employing the principle of ligand 

mediated stereoinductive reagent-controlled homologation (i-StReCH).
3
 

The third project was eliminative cross-coupling of enantioenriched carbenoids is a viable 

strategy for the stereospecific assembly of alkenes. Double bond configuration is 

programmed by carbenoid stereochemical pairing (like or unlike) and the type of elimination 

protocol (syn or anti) employed. Thus, by contrast to traditional methods for alkene synthesis 

that rely on substituent effects for stereocontrol, the advocated approach is in principle 

applicable to the stereoselective synthesis of essentially any type of stereogenic alkene, no 

matter how subtle, or otherwise, the features distinguishing stereoisomers. 
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1. Part I: 7-Butoxy-7’-diphenylphosphanyl-8,8’-biquinolyl: 

Synthesis and Application in Enantioselective Suzuki Cross- 

Coupling Reaction 

1.1 Introduction 

1.1.1 Axially chiral biaryl molecules 

Axially chiral biaryl motifs are found in many important biologically active natural 

products, and chiral ligands (Figure 1). For example, michellamine B (1) with anti-HIV 

activity has three biaryl motifs in the structure. Streptonigrin (2), an antitumor antibiotic 

contains two biaryl motifs. Axially chiral molecules have featured prominently as ligands for 

various metal-mediated enantioselective reactions, particularly systems based on the all 

carbocyclic 1,1’-binaphthyl scaffold such as BINOL (3)
4
 and BINAP (4).

5
 By contrast, with 

the notable exception of the QUINAP (5) family of ligands,
6
 axially chiral heterocyclic 

frameworks are rarely exploited for the same purpose in spite of the fact that such molecules 

may provide unique chelation modes. 

 

Figure 1. Selected biologically active compounds and chiral ligands that contain biaryl motif 
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1.1.2 7,7’-Disubstituted-8,8’-biquinolyls: Readily derivatized axially chiral heterocyclic 

biaryl molecules with potential applications in catalysis 

As mentioned above, heterocyclic biaryl molecules have received scant attention as chiral 

ligands for enantioselective catalysis. The QUINAP (5) family is a rare exception and this 

isoquinolyl phosphine was first synthesized in 1993 by Brown
6a

 and has been successfully 

applied in hydroboration,
6b

 Cu-catalyzed addition of alkynes to imines,
6d

 and many other 

types of enantioselective reactions. 

  Hydroboration of alkenes 6 with catecholborane 7 is a direct way to make alkylboronate. 

With catalyst 8, an Rh/(aS)-QUINAP complex, enantioselective synthesis of alkylboronate 

was achieved in good yield and good to excellent ee under mild conditions (Table 1). Notably, 

comparing to non-catalyzed hydroboration, this reaction is following Markovnikov’s rule. 

Table 1. Selected examples of Rh/QUINAP complex catalyzed hydroboration of alkenes 

 

QUINAP was also found to be the optimal ligand in the copper-catalyzed addition of 

alkynes 12 to imines (isomerized in situ from enamine 11) (Table 2). This Cu/QUINAP 

complex was found to offer up to 90% ee of propargyl amines 13. However, there are still 

spaces for improvement on those cases with only moderate ee (e.g., 13d). In terms of the 

substrate scope, no example was reported to have aromatic substituent in R
1
 or R

2
 position. 
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Table 2. Selected examples of Cu/QUINAP complex catalyzed addition of alkynes to imines 

 

Inspired by the powerful QUINAP, Carreira et al. designed and synthesized analogues 16 

and 17 (PINAP, Table 3).
 6f

 Introducing asymmetric centers in the structures make these 

atropisomeric ligand diastereomers of each other and easier to separate either by 

crystallization or chromatography on silica gel. Ligand
 
17 was found to be optimal in the 

three-component coupling reaction, essentially the same type of reaction as in Table 2, and 

turned out to be superior to QUINAP in terms of enantioselectivity. However, this Cu/PINAP 

17 complex still only works for aliphatic aldehyde, not aromatic aldehydes (e.g., 

benzaldehyde). 

Table 3. Selected examples of Cu/PINAP 17 complex catalyzed three-component coupling 
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More recently, an interesting QUINAP analog, StackPhos 18, was designed and 

synthesized by Aponick et al. for the three-component coupling.
6i

 This imidazole-based 

ligand features a pentafluorophenyl group which has π–stacking with the naphthalene ring 

and stabilizes the configurational stability of the ligand. This Cu/StackPhos 18 complex 

offers comparable high yield and ee with the PINAP. It is notable that it not only works with 

aliphatic aldehydes (13f, Table 4), but also with aromatic aldehydes (13h-13k). It is so far the 

best ligand for this three-component coupling, offering the highest yield and ee with the 

broadest range of substrate scope. 

Table 4. Selected examples of Cu/StackPhos 18 complex catalyzed three-component 

coupling 

 

The continued development of synthetically useful enantioselective processes is stimulated 

by the introduction of new stereoinductive elements that may offer heightened selectivity as 

compared to known technologies. In pursuit of a topologically distinct family of heterocyclic 

biaryl molecules for applications in catalysis and material chemistry, we identified the 

7,7'-disubstituted 8,8’-biquinolyl scaffold (e.g., “diazaBINOL”, 19, Figure 2) as a readily 

decorated multifunctional platform for study.
7
 As indicated in Figure 2, methods to 

derivatize this molecule at all positions are available, thus the scaffold is amenable to various 

kinds of decoration as desired. 
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Figure 2. 7,7’-Dihydroxy-8,8’-biquinolyl (“diazaBINOL”, 19) with indication of specific 

derivatization strategies 

The initial synthesis of 19 required a 7-step synthesis with only 13% overall yield.
7a

 

Recently, our group developed a concise second generation synthesis of diazaBINOL (19) in 

four steps with 28% overall yield (Scheme 1).
7e

 Commercially available o-chloroaniline (20) 

was transformed to 8-chloroquinoline (21) via the Skraup quinoline synthesis. This reaction 

can be done on multi-gram scale. Ni-catalyzed reductive dimerization of 21 generated 

8,8’-biquinolyl (22) in 69-89% yield depending on the scale of the reaction. The key step was 

a palladium-catalyzed double C-H functionalization (22→24b). The proposed mechanism of 

this highly regioselective acetoxylation step is briefly illustrated in Scheme 1. Each step 

involves a quinoline nitrogen-atom directed C-H activation followed by oxidation with the 

hypervalent iodine reagent to give intermediate 23a or 23b. Then reductive elimination 

generates the C-O bond. Finally, saponification of the diester 24b gave target molecule 

diazaBINOL (19) with excellent yield. Notably, only the first step (20→21) required a 

column chromatography. This double C-H functionalization really shortens the synthetic 

route. With this efficient synthesis, we were able to synthesize multi-gram quantity of 

diazaBINOL (19) in a few days from o-chloroaniline (20), providing great opportunities to 

further investigate the potential application of this molecule and its derivatives in various 

enantioselective reactions either as a catalyst itself or as a chiral ligand for metal-catalyzed 

reactions. 
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Scheme 1. Second generation synthesis of diazaBINOL 19 

 

An ambifunctional bis-sulfonamide 26, a derivative of diazaBINOL was designed and 

synthesized with the first generation synthesis. It was evaluated in a catalytic silylcyanation 

reactions by other members in our group (Table 5).
7f

 Bis-sulfonamide 26 was found to be 

effective under mild conditions for addition of Me3SiCN to aldehydes, ketones, and imines. 

Notably, the catalysis is so effective that there is no need for other additives (Me2AlCl, 

Ti(Oi-Pr)4, etc.). Good to excellent yield was achieved for a wide range of substrate, 

including aromatic aldehyde 25a, aliphatic aldehyde 25b, ketone 25c, and imine 25d. 

However, the enantioselectivity was not good with highly enantioenriched (-)-26 as the 

catalyst. Mechanistic study via structure variation of the bis-sulfonamide 25 implicated this 

catalyst was acting as a Brønsted acid/H-bonding donor. 
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Table 5. Selected examples of silylcyanation of carbonyl compounds and imines catalyzed 

by bis-sulfonamide (±)-26 

 

 

1.1.3 A new type of P,N-ligand based on 7,7’-dihydroxy-8,8’-biquinolyl 

Various bidentate chiral ligands (e.g., 5) have been introduced that chelate a metal atom 

between a suitably bridged pair of N- and P-atoms for effective stereoinduction.
8
 Based on 

the second generation of synthesis of diazaBINOL (19), we envisioned a new type of 

P,N-ligand 28 (Figure 3) that can easily be accessed, the topology of which is unlike any of 

the existing P,N-ligand. The relative orientation of the N and P-lone pairs in 28 is such that 

both σ-donors cannot simultaneously engage in conventional end-on overlap with the same 

metal center; rather, the N-atom lone pair may engage only in a weak side-on interaction as 

indicated (28·[M]). In this manner, one can envision that the advantages of both monodentate 
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(high reactivity) and bidentate (high stereoselectivity) ligand types might be derivable from 

ligand 28 by facile coordination changes. 

 

Figure 3. Design of a new type of P,N-ligand 28 

The aim of this project was to synthesize phosphine 28 in an enantioenriched form from 19, 

evaluate phosphine 28 as chiral ligand in a suitable “benchmark” transition-metal catalyzed 

reaction, and to understand how phosphine 28 is interacting with transition metal in this 

reaction. For example, comparing 28 with the analogous carbocyclic ligand might reveal 

whether quinoline N-atoms in 28 engage with the transition metal. 

 

1.1.4 Enantioselective Suzuki-Miyaura Reaction 

To explore above premise of 28 as a novel ligand, the enantioselective palladium- 

catalyzed Suzuki-Miyaura cross-coupling reaction was selected for this purpose. 

Palladium-catalyzed Suzuki-Miyaura cross-coupling reaction is one of the most powerful 

methods for C–C bond formation and it is well suited for the formation of biaryl molecules 

from aryl halides and aryl boronic acids (Table 6).
9
 Use of chiral ligands during Suzuki– 

Miyaura cross-coupling enables a direct and convenient enantioselective synthesis of biaryl 

compounds, a feat first accomplished independently by Cammidge
9a 

and Buchwald.
9b

 

In 2000, Cammidge et al. reported the first example of palladium-catalyzed enantio- 

selective Suzuki–Miyaura reaction to construct biaryl molecules using a ferrocene-derived 

planar chiral phosphine ligand (29).
 9a

 They were able to achieve up to 85% ee with moderate 
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yield, but the substrate scope was very limited. Later that year, Buchwald et al. reported the 

second example of enantioselective reaction with an axially chiral BINOL-derived phosphine 

ligand (30).
 9b

 The yield and ee were very good and the substrate scope was broader than the 

Cammidge’s system, but the Buchwald process was limited to carbocyclic aryl halide and 

aryl boronic acid leading to less sterically hindered tri-orthosubstituted biaryl compounds. 

Since then, various chiral phosphine ligand (31-33, 37) and P,N-ligand (34,35,38) were 

applied in enantioselective Suzuki-Miyaura cross-coupling reactions, gave moderate yield 

and moderate to good enantioselectivity. 

Table 6. Selected examples of chiral ligands in enantioselective Suzuki–Miyaura reaction 
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More recently, Lassaletta
9i

 (36, 2008), Tang
9n

 (39, 2012) and Qiu
9o

 (40, 2012) have 

achieved excellent yield and greater than 95% ee; nonetheless, in general high yield and ee in 

enantioselective Suzuki–Miyaura cross-coupling reaction remains difficult to achieve. 

Despite these advances, the scope of the asymmetric Suzuki–Miyaura reaction is limited to 

less sterically hindered biaryl products. There are few examples that successfully generated 

tetra-orthosubstituted products with high yield and excellent ee. Few heterocyclic aryl 

substrates were employed to synthesize heterocyclic biaryl compounds and there are no 

examples of axially chiral biphenyl compound synthesis via Suzuki–Miyaura coupling. 

General mechanism for Suzuki-Miyaura cross-coupling is shown in Figure 4. It begins 

with oxidative addition. Pd(0)/Chiral ligand L* complex 41 oxidatively adds to aryl-bromide 

bond to form Pd(II) species 43. Transmetallation of aryl group of activated boronic acid 44 to 

palladium forms 46. With the stereoinduction of chiral ligand L*, equilibrium between 46a 

and 46b favors 46b. 46a and 46b then undergo reductive elimination to give biaryl 47 and 

ent-47 and regenerates catalyst 41. Dynamic kinetic control is likely to be the mechanism 

which requires that equilibrium between 46a and 46b happens much faster than reductive 

elimination. And 46a undergoes reductive elimination much faster than 46b. 

In 2010, Buchwald published an article
9c

 in which experimental and computational studies 

indicated that the geometry of the transition state that underwent reductive elimination 

determines the stereochemistry; combination of interactions such as non-traditional 

hydrogen-bonding (C-H···O) and steric effects stabilizes or destabilizes transition states and 

leads to experimentally observed enantioselectivity. 
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Figure 4. General mechanism for enantioselective biaryl formation via Suzuki-Miyaura 

cross-coupling reaction via dynamic kinetic resolution 

 

1.2 Results and discussions 

1.2.1 Synthesis and resolution of target P,N-ligand 

Synthesis and resolution of the target P,N-ligand 28 is shown in Scheme 2. Alkylation of 

one hydroxyl group in 19 was desired to improve solubility of all subsequent intermediates 

and to simplify incorporation of the phosphorus atom. It was discovered that Williamson 

conditions (i.e., 19, base, n-BuBr) resulted in exclusive formation of the diether no matter the 
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reaction stoichiometry, while Mitsunobu reaction
10

 offered selective monoetherification of 

diazaBINOL (19) in good yield. The remaining free phenol in 48 was transformed to triflate 

49 as a prelude to phosphorus incorporation.
11

 The two-step synthesis from 19 to 49 was 

developed by Dr. Chao Wang in our group. Pd-catalyzed phosphorylation of 49 led to a 

mixture of (±)-phosphine 28 and (±)-phosphine oxide 50, unless quite stringent measures 

were taken to avoid adventitious exposure to oxygen.
12

 For this reason, and the finding 

(±)-50 was much easier to resolve on chiral stationary phase (CSP) HPLC than (±)-28, we 

decided to conduct the phosphorylation reaction deliberately in the presence of air, which led 

cleanly to phosphine oxide 50 in high yield. 1,1'-Bis(diphenylphosphino)ferrocene (dppf) 

was found to be the optimal ligand for the phosphorylation reaction. Without ligand or with 

triphenylphosphine (PPh3) as the ligand, no desired product was obtained. The structure of 

(±)-phosphine oxide 50 was unequivocally established by single-crystal X-ray diffraction 

analysis (Figure 5).  

Scheme 2. Synthesis and resolution of target P,N-ligand 28 from diazaBINOL 19 
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Figure 5. ORTEP diagram for phosphine oxide (±)-50. 50% probability ellipsoids are plotted 

for non-hydrogen atoms. 

Phosphine oxide 50 was subsequently resolved by CSP HPLC with multiple 

chromatographic runs. For each run, 150 μL of a 70 mg·mL
–1

 solution of (±)-50 in toluene 

was injected onto the Daicel Chiralcel OD semi-preparative column(10 mg of (±)-50 per run). 

Isocratic elution using a solvent blend of 10% i-PrOH in hexanes and a flow rate of 3.0 

mL·mL
–1

 was performed with UV detection at 254 nm. The faster eluting enantiomer, (–)-50, 

was collected from 28-39 min, while the slower eluting isomer, (+)-50, was collected from 

42-60 min. Both enantiomorphic atropisomers were routinely obtained with > 98% ee using 

this method. 
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Figure 6. Comparison of electronic CD spectra for phosphine oxides (+)-50 and 

(+)-(aR)-MOP-oxide (51) collected from methanol solutions 

In previous work,
13a

 it was established that structurally related 8,8’-biquinolyls and 

1,1’-binaphthyls share the same exciton couplet chirality phase in their electronic CD spectra. 

On this basis, the dextrorotary isomer of phosphine oxide 50 is tentatively assigned as having 

(aS)-configuration because its CD spectrum revealed opposite exciton chirality to that shown 

by the analogous carbocyclic phosphine oxide (+)-(aR)-51 (Figure 6). Phosphine oxide 

(+)-(aR)-51 was prepared via oxidation of commercially available (+)-(aR)-MOP
14

 with 

aqueous H2O2 (30% w/v). 

Reduction of phosphine oxide (–)-(aR)-50 with trichlorosilane
15

 resulted in its 

nonracemizing conversion to phosphine (+)-(aR)-28. In line with our earlier observations, it 

was found that phosphine 28 is very susceptible to air oxidation, especially in solution. This 

material could, however, be stored without transformation to 50 in the solid state. No erosion 

in the specific rotation value for an enantioenriched sample of (+)-28 was noted after heating 

for 15 hours at 110 °C under Ar (refluxing in PhMe) indicating that the new ligand system is 

highly configurationally stable. 
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1.2.2 Optimization of reaction conditions for enantioselective Suzuki–Miyaura reaction 

using a Pd-complex of P,N-ligand 28 

Evaluation of biquinolyl phosphine 28 in a standard Pd-catalyzed Suzuki–Miyaura 

cross-coupling reaction revealed its capacity to induce enantioselectivity (Tables 7-11). 

1-Bromo-2-nitrobenzene (52a) and 2-phenyl-1-naphthylboronic acid (53a)
16

 were chosen as 

the initial starting materials for evaluation.  

Upon examining catalyst loading (Table 7), 10 mol % and 5 mol % of Pd gave very similar 

results in terms of yield and ee (Table 7, entries 1 vs 2). Lowering the catalyst loading to 2.5 

mol % of Pd gave lower yield (Table 7, entry 3). In terms of yield, the optimal catalyst 

loading was 10 mol% Pd (5 mmol% Pd2(dba)3). 

Table 7. Optimization of catalyst loading for palladium-catalyzed Suzuki–Miyaura reaction 

 

  The effect of ratio of ligand to palladium was also investigated (Table 8). Ratio of ligand to 

Pd = 1:1 (Table 8, entry 1) gave lower ee than the other two ratios examined. Ratio of ligand 

to Pd = 1.2:1 gave similar ee but higher yield than 1.5:1. Ratio of ligand to Pd = 1.2:1 was 

chosen as the best ratio (Table 8, entry 2). 
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Table 8. Optimization of palladium:ligand ratio for palladium-catalyzed Suzuki–Miyaura 

reaction 

 

During the investigation, it was found that P,N-ligand 28 was easily oxidized to phosphine 

oxide 50 upon handling in air. Given that the purity of 28 may affect the reaction, 28 and 50 

were deliberately mixed together and the dependence of outcome on (+)-28: (–)-50 ratio was 

examined (Table 9). Enantioselectivity decreased slightly (50% to 37%) when the percentage 

of (–)-50 was increased (Table 9, entry 1-3); however, the yield decreased significantly only 

when (–)-50 was the major component (Table 9, entry 3). Phosphine oxide (–)-50 itself was 

not an effective catalyst for this transformation (Table 9, entry 4). 

Table 9. Effect of phosphine oxide (–)-50 in palladium-catalyzed Suzuki–Miyaura reaction 

 

Investigation of the temperature effect on the reactivity and enantioselectivity was 
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summarized in Table 10. The enantiomeric excess of the product was increased when 

lowering the reaction temperature. However, the yield decreased significantly at 45 ºC. At 

room temperature, although the yield was only 4%, ee went up to 74%. 

Table 10. Optimization of temperature for palladium-catalyzed Suzuki–Miyaura reaction 

 

In order to probe whether the biquinolyl N-atoms of the phosphine ligand 28 were 

involved in the reaction, control experiments were conducted with its carbocyclic analog 

MOP (55) as ligand (Table 11). Comparing to (+)-(aR)-MOP (55), phosphine ligand (+)-28 

gave higher yield and similar ee (Table 11, entry 1 vs 2). And the biaryl products 54a are both 

levorotatory. When phosphine oxide 50 (Table 11, entry 3) and 51 (Table 11, entry 4) were 

used as the ligand, the reactions were less effective in terms of yield, and the desired product 

was mixed with inseparable unknown byproduct. 
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Table 11. Control experiments with MOP for palladium-catalyzed Suzuki–Miyaura reaction 

 

 

1.2.3 Substrate Scope of reaction conditions for enantioselective Suzuki–Miyaura 

reaction using a Pd-complex of P,N-ligand 28 

With optimized conditions identified, the coupling of various orthosubstituted aryl 

bromide and orthosubstituted aryl boronic acids were investigated (Table 12). 

Electron-neutral (entry 6), electron-poor (entry 1), and electron-rich (entry 2-5) aryl bromide 

all gave high yields under the reaction conditions. Both electron-poor (entry 1-4) and 

electron-rich (entry 5&6) boronic acids gave good yield. The reaction to synthesize 54b 

worked well at 45 ºC and gave slightly higher ee than at 70 ºC (entry 2 vs 3). And the ee was 

improved a little at rt with much lower yield though (entry 3 vs 4). 
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Table 12. Synthesis of tri-orthosubstituted biaryl compounds via palladium-catalyzed 

enantioselective Suzuki–Miyaura reaction 

 

This Pd/28 complex has achieved good to excellent reactivity for synthesis of 

tri-orthosubstituted biaryl compounds. However, the ee of products were not as good, which 

indicate that this ligand does not have good stereocontrol of the key intermediate that 

determines the configuration of the coupling products. It is also possible that some of the 

product is not configurationally stable at 70 ºC in toluene. Racemization of the products over 

time resulted in a lower ee. 

We were also able to make sterically hindered tetra-orthosubstituted biaryl molecules in 

good yield and moderate ee (Table 13). During the control experiment with MOP as the 
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ligand, we found that MOP is a better ligand for such sterically hindered coupling, which 

achieved both higher yields and ee than our phosphine ligand 28. 

Table 13. Synthesis of tetra-orthosubstituted biaryl compounds via palladium-catalyzed 

enantioselective Suzuki–Miyaura reaction 

 

We found that while both ligands (+)-28 and (+)-(aR)-55 favored the same levorotary form 

of tri-orthosubstituted biaryl 54a (Table 11, entry 1 and 2), the optical rotation of tetra-ortho- 

substituted biaryls 54e and 54f (Table 13) produced with these two ligands were opposite to 

each other. These data indicate that ligand 28 and its carbocyclic analog 55 do not behave 

simply as isosteric analogs. Their differing carbocyclic/heterocyclic characters may lead to 

distinct stereoinduction modes. The origin of the different behavior could be attributed to the 

putative N,P-ligating mode introduced above. 
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1.3 Miscellaneous studies 

1.3.1 Halogenation of 8,8’-biquinolyl 

Other derivatization based on 8,8’-biquinolyl (22) was also explored. Electrophilic 

chlorination of 8,8’-biquinolyl (22) with N-chlorosuccinimide (NCS, 2 equiv.) in acetonitrile 

gave 5-chloro-8,8’-biquinolyl 56 in moderate yield (equation 1). The high regioselectivity is 

due to both electronic and steric effects. Electrophilic aromatic substitution favors benzene 

ring, because it is more electron-rich than the pyridine ring. Comparing to 7-position, 

5-position is less hindered since it is away from the other quinoline ring.  

 

Bromination of 8,8’-biquinolyl with N-bromosuccinimide (NBS, 2 equiv.) in acetic acid 

gave mono-, di-, tri-, and tetra-bromo-8,8’-biquinolyl (Table 14, entry 1). Regiochemistry of 

di-bromo-8,8’-biqunolyl was not confirmed. Increase NBS to 5 equivalence improved the 

yield of tetrabromo-8,8’-biquinolyl (Table 14, entry 2). Further increasing NBS to 7 

equivalence did not improve the yield (Table 14, entry 3).  

Table 14. Electrophilic bromination of 8,8’-biquinolyl. 

 

  In all cases, yellow precipitation was formed, which did not dissolve in water or common 

organic solvent (CDCl3, DMSO). The structure of tetrabromo-8,8’-biquinolyl 60 was 
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established by low-resolution single-crystal X-ray diffraction analysis (Figure 6a). The 

regioselectivity was different from chlorination with NCS. The reason might be that the 

solvent is acetic acid instead of acetonitrile. The quinoline N-atom could be protonated and 

the electronic property of the aromatic ring would be dramatically changed. 

 

Figure 6a. ORTEP diagram for tetrabromo-8,8’-biquinolyl 60. 

  We envisioned that the tetrabromo-8,8’-biquinolyl could have potential applications as a 

monomer for organic materials. For example, 60 could polymerize with 

benzene-1,4-diboronic acid 61 or benzene-1,3- diboronic acid 63 under palladium-catalyzed 

Suzuki-Miyaura reaction (Scheme 3). Since polymer 62 and 64 have biquinolyl motif in them, 

they will have three-dimensional structures instead of plain two-dimensional structures, 

which might result in some interesting electronic properties or form metal-organic 

framework with transition metals for catalysis. 
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Scheme 3. Potential application for tetrabromo-8,8’-biquinolyl 60 

 

 

 1.3.2 Nucleophilic aromatic substitution of triflate with iodide 

Derivatization of triflate 49 via simple nucleophilic aromatic substitution was not 

successful with NaI as the nucleophile (Table 15). Only starting material was observed by 
1
H 

NMR under these conditions. 

 

Table 15. Iodination of triflate 49 via nucleophilic aromatic substitution 
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1.4 Conclusion 

A new type of phosphine ligand based on an axially chiral biquinolyl scaffold was 

prepared in four steps in 63% overall yield and demonstrated to offer modest efficacy for the 

enantioselective synthesis of biaryl compounds via Suzuki–Miyaura cross-coupling. 

Enantiomerically pure phosphine obtained by preparative CSP HPLC was combined with 

Pd2dba3 and investigated for the synthesis of axially chiral biaryl compounds (Ar-Ar )́ from 

aryl bromides (ArBr) and aryl boronic acids [Ar'B(OH)2] in the presence of K3PO4 in PhMe 

solvent (6 examples, 4-97% yield, 4-74% ee). The analogous carbocyclic ligand 

2-(diphenylphosphino)-2 -́methoxy-1,1 -́binaphthyl (MOP) was studied for comparative 

purposes and found to be effective for the synthesis of hindered 2,2 -́disubstituted 

1,1 -́binaphthyls (78-83% yield, 20-38% ee). Although grossly similar in structure to the well 

known binaphthyl ligand MOP, differences in the sense of stereoinduction offered by 

biquinolyl (28) and binaphthyl (55) phosphines indicates that these two ligand systems are 

not simple analogues of each other. Finally, the comparative study using MOP (55) revealed 

that this widely available phosphine warrants further exploration for the assembly of 

hindered C–C bonds via Suzuki–Miyaura reaction.
17

 

Chlorination and bromination of 8,8-biquinolyl was briefly explored with good 

regioselectivity and moderate yield. Iodination of triflate was not successful due to the fact 

that the quinoline ring is not a good electrophile. 

Results on the synthesis of ligand 28 and its application in enantioselective 

palladium-catalyzed Suzuki-Miyaura cross-coupling were disclosed in poster format at the 

ACS national conference in September of 2013: Wu, Z.; Wang, C.; Zakharov, L. N.; 

Blakemore, P. R. (2013) “Enantioselective synthesis of tri- and tetra-orthosubstituted axially 

chiral biaryl molecules via Suzuki cross-coupling mediated by Pd-complexes of 

7-(diarylphosphanyl)-7'-alkoxy-8,8'-biquinoyls”, Abstracts of Papers, 246th ACS National 

Meeting and Exposition, Indianapolis, IN, United States, September 8-12, 2013, ORGN-503. 
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This work was also published in the following peer reviewed journal: Wu, Z.; Wang, C.; 

Zakharov, L. N.; Blakemore, P. R. “Enantioselective Synthesis of Biaryl Compounds via 

Suzuki-Miyaura Cross-Coupling Using a Pd-Complex of 7 -́Butoxy-7-(diphenylphosphino)- 

8,8 -́biquinoyl: Investigation of a New Chiral Ligand Architecture”, Synthesis 2014, 46, 

678-685.
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2. Part II: Enantioselective Synthesis of α-Phenylalkylboronic 

Esters by Ligand Mediated Stereoinductive Reagent Controlled 

Homologation Using Configurationally Labile Carbenoids 

2.1 Introduction 

The asymmetric chain extension of boronic esters provides a versatile and systematic 

approach to organic synthesis that complements more traditional methods for carbon–carbon 

bond formation.
18

  

 

Figure 7. (a) Two-step stereoinductive substrate-controlled homologation (b) Stereospecific 

reagent-controlled homologation (StReCH) of a boronic ester 70 with a stereodefined, 

configurationally stable carbenoid 69 

Among the strategies that are conceivable for the stereoselective homologation of 

boronates,
19

 only two have risen to prominence: the stereoinductive substrate-controlled 

process of Matteson et al. (Figure 7a)
20

 and stereospecific reagent-controlled homologation 

(StReCH) (Figure 7b).
21

 The first process leads to stereoregular arrays upon direct iteration 

while StReCH offers true stereochemical programming because the chain elongated adduct 

(72) arises via rearrangement of an intermediate ate-complex (71) formed by stereospecific 

trapping of a stereodefined carbenoid reagent (69) by a boronate substrate (70) (Figure 7b). 

Herein, "carbenoid" refers to any species containing a C-atom bonded to both an electrofugal 
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(M) and a nucleofugal (X) atom/group. Carbenoids that have been successfully used in 

StReCH include α-chloroalkyllithiums,
22

 and lithiated carbamates (typically generated by 

enantioselective or stereospecific lithiation),
23

 among others.
24

 

Table 16. Selected examples of StReCH of boronates using α-chloroalkyllithiums 

 

α-Chloroalkyllithium 74 is a successful type of carbenoid for StReCH (Table 16). The 

mechanism to get to secondary boronates 77 consists of three fundamental steps: (1) The 

configurationally stable carbenoid is generated at -78 ºC by sulfoxide-lithium exchange in 

situ with stereoretention; (2) Electrophilic substitution of lithium with boronate 75 occurs 

with stereoretention to give ate-complex 76; (3) Warming up the reaction mixture triggers the 

stereospecific 1,2-metallate rearrangement to give secondary boronate 77 with 

stereoinversion. This stereospecific reaction was able to deliver secondary boronates with 

excellent ee. However, there are still several problems need to be addressed. First of all, since 

this is a stereospecific reaction, high ee of reactant is required to get high ee of products. 

Secondly, some of the products were obtained in low yield showing at least one of the three 

fundamental steps is not very versatile. There is one example that completely failed to give 
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any product also shows the limitation of this method. 

Table 17. Selected examples of StReCH of boronates using benzylic lithiated carbamates 80 

 

Lithiated carbamate 80 is another class of carbenoids that has been successfully applied in 

StReCH (Table 17) by Aggarwal et al.
23c

 This type of benzylic carbenoid is very robust in 

StReCH with boronates. Benzylic carbamates 80, derived from easily accessible 

enantioenriched secondary alcohols, can be deprotonated easily with s-BuLi in Et2O and 

undergoes ate-complex formation with various types of boronate followed by 1,2-metallate 

rearrangement and oxidation to give tertiary alcohols in good yield and excellent ee.  

Aggarwal et al. further expanded the scope of carbenoids to non-benzylic type (Table 

18).
24e

 2,4,6-Triisopropylbenzoate ester 85 could be deprotonated with s-BuLi/TMEDA in 
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Cyclopentyl methyl ether (CPME) at -60 ºC. With the deprotonation conditions optimized, 

various boronates 87 were homologated with this type of carbenoid with complete 

stereospecificity for most of the examples. The limitation of substrate scope is obvious. One 

of the alkyl groups in the carbenoid precursor has to be methyl group in order to get good 

lithiation efficiency. Even a slightly larger ethyl group offered moderate lithiation efficiency 

and led to a much lower yield (89h). 

Table 18. Selected examples of StReCH of boronates using lithiated benzoates 

 

StReCH has proven to be a powerful technique for C-C bond formation but limited in 

scope to those carbenoid species that can be accessed in an enantioenriched form and which 

exhibit configurational stability on the timescale of ate-complex formation. To broaden the 

scope of asymmetric chain extension, we were inspired by the seminal work on 

configurationally labile carbenoids of Beak,
25

 Toru,
26

 and Hoppe.
27

 Racemization of 

benzylic organolithiums 94 (R
1 

= Aryl, M = Li, X = heteroatom) is generally facile making 

these species ideal candidates for the exploration of stereoinductive reagent-controlled 

homologation (i-StReCH). Of note, Toru et al. reported highly enantioselective trapping of 

configurationally labile α-phenyl-α-(thioaryl)-methyllithiums (92a, 92b) with simple probe 
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electrophiles in the presence of enantioenriched bisoxazoline ligands (Scheme 4a),
26

 while 

Hoppe et al. achieved comparable results by applying similar reaction conditions to the 

lithiated O-benzyl N,N-diisopropyl carbamate 92c (Scheme 4b).
27

 With simple electrophiles, 

these chiral bisoxazoline-mediated reactions gave good to excellent yield and good to 

excellent ee. These precedents supported us with confidence in the electrophilic substitution 

of these configurationally labile carbenoids. 

Scheme 4. Enantioselective reactions of configurationally labile carbanions with simple 

electrophiles 

 

A subtle but significant variation on the ‘lithiation/borylation’ StReCH strategy of 

Aggarwal and coworkers
22h

 described above was envisioned involving chiral ligand mediated 

dynamic kinetic (or thermodynamic) resolution of a configurationally labile racemic 

carbenoid 94 (Figure 8).  

In this type of stereoinductive reagent-controlled homologation (i-StReCH) process, 

substituents R
1
 and R

2
 may be introduced that would be prohibited in normal StReCH due to 

configurational instability issues; furthermore, since carbenoid generation is decoupled from 



33 
 

the stereodetermining event, various lithiation tactics will be compatible with the technique. 

 

Figure 8. Chiral ligand mediated stereoinductive reagent-controlled homologation (i-StReCH) 

relies on (a) dynamic thermodynamic resolution or (b) dynamic kinetic resolution. 

There are two possible mechanisms for this reaction. For dynamic thermodynamic 

resolution (Figure 8a), two carbenoid-ligand complexes equilibrate to favor diastereomeric 

carbenoid 95 over carbenoid 96 (k1 >> k-1), followed by introducing the boronate 97. The 

rate of trapping is faster than the equilibration (k2, k3 >> k1, k-1), so on the timescale of 

trapping, the ratio of two carbenoid-ligand complexes is constant. Ideally, after stereospecific 

ate-complex formation and stereospecific 1,2-metalate rearrangement, the enantiomeric ratio 

of the product should be the same as the ratio of the two carbenoid complexes (95:96). 

Another possible mechanism of this reaction is dynamic kinetic resolution (Figure 8b). The 

two carbenoid-ligand complexes equilibrate very fast (k1, k-1 >> k2, k3). After introducing the 

boronate 97, the rate of ate-complex formation of diastereomeric carbenoid 95 is much faster 

than carbenoid 96 (k2 >> k3). Ideally, the enantiomeric ratio of the product should be the 
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same as the ratio of k2 to k3. In reality, if the rate of ate-complex formation and the rate of 

equilibration are not differed by much, both mechanisms may come into play which will be a 

much more complicated scenario. One obvious problematic scenario would be that the minor 

carbenoid-ligand complex 96 reacts faster with boronate 97. As 96 reacts faster, the 

equilibrium between 95 and 96 will shifts to 96. This will finally increase the percentage of 

minor product and may lead to a lower ee 

During the course of our studies, Crudden and coworkers disclosed essentially very similar 

independent results for the same benzylic carbenoid as applied to the i-StReCH of 

arylboronates (2014)
28

 and, in an isolated example, a vinylboronate (late 2013).
29

 

2.2 Results and discussions 

On the basis of these precedents, enantioselective synthesis of an α-phenylalkylboronate 

from phenethylboronates 97 was envisioned using benzylic carbenoids generated from four 

potentially suitable precursors 90 (X = SPh, S-2-Py, OCb, and OTIB). The syntheses of 

precursors 90a-d were straightforward (Scheme 5). 90a, 90b and 90d were synthesized from 

benzyl bromide and corresponding nucleophiles in high yield. 90c was synthesized from 

benzyl alcohol via acylation reaction. 

Scheme 5. Synthesis of carbenoid precursors 90 
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With these precursors prepared, lithiation efficiency using Toru’s or Hoppe’s protocol was 

confirmed (Scheme 6). Deprotonation of carbenoid precursors (90a-90d) with a strong base 

led to lithiated intermediates, which was deuterated with CD3OD. Then the D% the product 

was analyzed by 
1
H NMR, which was taken as an equivalent to the lithiation %. With Toru’s 

lithiation protocol, both thioether 90a and 90b could be lithiated at their benzylic position 

very efficiently (>95% D). With Hoppe’s protocol, carbamate 90c could be lithiated with 

s-BuLi/91b to get an acceptable 71% D. With ester 90d, slightly lower lithiation efficiency 

was obtained. 

Scheme 6. Test of lithiation efficiency with deuterium quenching. 

 

With excellent lithiation efficiency confirmed for precursors 90a and 90b, carbenoids 92 

possessing thiolate nucleofuges (X = SPh, S-2-Py) were evaluated first (Table 19); however, 

although these benzyllithiums could be generated efficiently from precursors 90 using either 

t-BuLi or n-BuLi (as confirmed in Scheme 6), they proved incapable of chain extending 

PhCH2CH2Bpin (97a) either by thermolysis (Table 19, entries 1 and 3) of the putative 

ate-complex or by activation with a thiophile (Table 19, entries 2 and 4). The difficulty of 

homologating boronic esters with α-(thioaryl)alkyllithiums has been previously 
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documented,
30

 although it is interesting to note that such reactions can be successfully 

accomplished with α-alkoxy-α-(thioaryl)-alkyllithiums (e.g., PhSCH(Li)OMe).
29b,31

 

Table 19. Exploration of bisoxazoline 91a mediated stereoinductive reagent-controlled 

homologation of phenethylboronates 97a using benzylic lithium carbenoids 92 (X = SPh, 

S-2-Py) 

 

  Carbenoids 92 bearing carboxylate-type nucleofuges (X = OCb, OTIB) were studied next 

(Table 20). Given the widespread use of lithiated carbamates
23

 and TIB esters
24d,e

 in 

conventional StReCH reactions, the fact that chain extension occurred with these 

benzyllithiums was not at all surprising; however, it was gratifying to realize meaningful 

enantioselectivity via i-StReCH upon evaluation of only a handful of standard bisoxazolines 

91. The ligand previously identified as optimal for asymmetric trapping of 92 (X = OCb) 

with electrophiles by Hoppe and coworkers (91b, R
1
/R

2
 = i-Pr/Et),

25a
 proved to be superior 

(cf. entries 1, 2, 3, and 4). The sense of stereoinduction was curiously dependent on the steric 

demand of the R
1
 bisoxazoline substituent (entries 3 vs. 4), and the lithiated carbamate 92 (X 

= OCb) offered higher enantioselectivity than the lithiated ester 92 (X = OTIB) (entries 2 vs. 

5). A significant boost in %ee was realized by using a neopentyl glycol boronic ester 97b 

starting material (Ph(CH2)2Bneo) in place of the less reactive pinacol boronate 97a employed 

earlier, and an additional gain in efficacy was obtained by using a Lewis acid additive 
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(MgBr2·OEt2) to promote ate-complex rearrangement (cf. entries 2, 6, and 7). We have 

previously taken advantage of both of these last two variable changes to optimize 

conventional StReCH reactions,
21a

 and in their independent efforts, Crudden et al. likewise 

found that employment of neopentyl glycol boronates is essential for the obtainment of high 

ee when using benzylic carbenoid 92 (X = OCb).
28,29

 Direct comparison of the near identical 

Crudden protocol (conducted in Et2O solvent and also using MgBr2)
28 

to our own (in PhMe 

solvent) revealed no significant difference for the homologation of a B-phenethyl substrate 

(entries 7 vs. 8). 

Table 20. Exploration of bisoxazoline 91 mediated stereoinductive reagent-controlled 

homologation of phenethylboronates 97 using benzylic lithium carbenoids 92 (X = OCb, 

OTIB) 

 

To evaluate scope, the optimized i-StReCH protocol (as in Table 20, entry 7) was applied 

to a range of B-alkyl and B-aryl neopentyl glycol boronic esters and the homologated adducts 
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were isolated as their carbinol derivatives following work-up with aq. NaOOH (Table 21). 

Moderate yields of the expected alkyl/aryl 2° alcohols 106a–106f were obtained from 

B-alkyl boronates possessing varying degrees of chain branching. Both 1° and 2° B-alkyl 

boronates were successfully chain extended. Pleasingly, when (±)-s-BuBneo 97f was used as 

substrate, the product (106f) was obtained in low diastereomeric ratio but with at least the 

usual level of ee for each diastereoisomer (a dr of 50 : 50 is the desired outcome from this 

experiment). This result is noteworthy because it reveals that preexisting stereochemistry in 

the substrate (albeit for a stereocenter bearing geminal methyl and ethyl groups) did not 

influence stereoselectivity; i.e., reagent-control dominated and matching/mismatching effects 

are potentially of limited importance. 

Table 21. Enantioenriched 2° alcohols R(Ph)CHOH obtained by BOX ligand mediated 

i-StReCH of boronates 97 by carbenoid 92c (X = OCb) 
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  The synthesis of diaryl 2° carbinols 106g–106k from B-aryl boronates was consistent with 

the recently published findings of Crudden et al.
28

 Gentle heating was required to obtain a 

reasonable yield of carbinol 106i from the corresponding boronic ester possessing an electron 

deficient 3,5-bis(trifluoromethyl)phenyl substituent. The enantioselectivity was slightly 

lower with more sterically hindered aryl boronates (Table 21, entry 7,10 vs entry 9). 

 

Figure 9. Proposed stereocontrol model for BOX ligand 91b mediated i-StReCH of 

boronates 

Overall, good enantioselectivity was observed with consistent stereochemical outcome 

throughout showing ligand-control dominated the stereochemistry of this reaction. With both 

the absolute stereochemistry of the ligand and product known, a stereocontrol model was 

proposed to explain how was the enantioselectivity was generated via this dynamic 

thermodynamic resolution (Figure 9). After lithiation with s-BuLi, the racemic carbenoid 

forms diastereomeric complexes 107 and 108 with the chiral box ligand 91b. The interaction 

between i-Pr group from the ligand with the phenyl group from the carbenoid (indicated in 

Figure 9) destabilizes 107. Due to the configurational instability of the carbenoid, 
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equilibration happens between the two diastereomeric complexes and shifts to the more 

stable 108. Then 108 undergoes stereoretentive ate-complex formation with boronate 97, 

stereoinvertive 1,2-metallate rearrangement followed by stereoretentive oxidation to give the 

secondary alcohol ent-106 as the major product. 

 

2.3 Miscellaneous studies: synthesis of α-fluoroboronate via StReCH 

Organofluorine compounds are important in our daily lives, because such compounds are 

widely used in agrochemicals, pharmaceuticals,
32

 refrigerants (CFCs), polymers (PTFE, EFP) 

and surfactants, etc (Figure 10). Perfluorocompounds (e.g., 112-116), containing a series of 

contiguous CFx motif, have a huge impact, good and bad on our life. Instead, compounds 

containing contiguous monofluoro carbon (CHF) motif were rarely explored, especially in its 

enantioenriched form. 

 

Figure 10. Selected examples of notable organofluorine compounds 

In order to explore this type of fluorocompounds, we came up with a synthetic strategy 

using stereoinductive reagent-controlled homologation of boronates. For example, 
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fluoroboronate 121 could be synthesized from boronate 118 with a series of enantioenriched 

carbenoid 117 insertion into carbon-boron bond (Scheme 7). Every cycle involves three 

stereospecific steps: carbenoid generation via direct lithiation (116→117), ate-complex 

formation with boronate (117+118→119) and 1,2-metallate rearrangement (119→120). 

Scheme 7. Synthesis of enantioenriched fluoropolymer with programmed contiguous 

stereocenters 

 

  Carbenoid precursor 122 was synthesized via simple SN2 addition of carboxylic acid to 

CH2BrF with good yield (Scheme 8). Carbenoid precursor 124 was synthesized with 

two-step one-pot procedure. TsOAg was synthesized from TsOH and silver oxide, followed 

by addition of CH2BrF. The driving force is the formation of AgBr as a precipitate. 

Scheme 8. Synthesis of precursor to fluorocarbenoid 

 

Then direct lithiation was performed under various condition and the carbenoid 125 or 126 

generated was quenched with CD3OD (Table 22). At -78 ºC, the lithiation of carbenoid 
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precursor gave any deuterium incorporation, with significant loss of reactant (Table 22, entry 

1-4). This suggested that the carbenoid 125 was generated but was highly unstable and 

decomposed quickly at -78 ºC. With the assist of TMEDA, less reactant was recovered, 

which suggested the deprotonation was faster with TMEDA (Table 22, entry 3 vs 4). Further 

lowering the reaction temperature to -100 ºC indeed gave moderate D%, but still with 

significant loss of starting material (Table 22, entry 5). Another carbenoid precursor 124 

could be deprotonated with LDA as the base, although gave only 19% of deuterium 

incorporated (Table 22, entry 6). 

Table 22. Test of lithiation efficiency with deuterium quenching. 

 

Then the key reaction was performed using phenethyl boronate 97a as the electrophile 

(Table 23). Since the stability of carbenoid 125 generated from 122 was very unstable. 

Stepwise strategy (lithiation, then introducing boronate) will not be viable. So we decided to 

utilize in situ trapping strategy (Barbier-type). This strategy requires that the carbenoid 

should be stable on the timescale of trapping with boronate and the base should be 

compatible with the boronate. 

A base was added to a mixture of carbenoid precursor 122 and boronate 97a. Ideally, once 

the carbenoid was generated by deprotonation with the base, it would be trapped by the 
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boronate in situ to form the ate-complex 128. With THF or toluene as the solvent and LDA 

as the base, we isolated a new compound, which was confirmed to be α-oxyboronate 132 by 

1
H NMR, 

13
C NMR and HR-MS analysis (Table 23, entry 1&2). Replacing LDA with 

NaHMDS or KHMDS resulted in no product formation (Table 23, entry 3&4). One simple 

explanation for formation of 132 would be that during the 1,2-metallate rearrangement, 

fluoride left instead of the carboxylate. Replacing carboxylate with better nucleofugal groups, 

such as tosylate 124 or bromide 127 were also tested, but did not give any desired product. 

We did not isolate α-fluoroboronate 131 under all these conditions. 

Table 23. Attempts to synthesize α-fluoroboronate via StReCH of boronate with 

fluorocarbenoids via in situ trapping 

 

The formation of α-oxyboronate 132 was unexpected since the strong C-F bond was 

displaced. B-F bond is also very strong; maybe the geminal boron-atom has some 

interactions with the F-atom which weakens the C-F bond. There are two possible pathways 

that could lead to 132 (Scheme 9). We do not have evidence to support our proposed 

mechanism. Both mechanisms involve carbenoid generation and ate-complex formation. 

Then, 1,2-metallate rearrangement with the loss of carboxylate gives desired 
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α-fluoroboronate 131. However, carboxylate adds back on to the boron atom of 131 and 

forms ate-complex 133 which undergoes another 1,2-metallate rearrangement with the loss of 

fluoride to gave the isolated product 132 (pathway a). Pathway b is straightforward. 

1,2-Metallate rearrangement of ate-complex 128 with the loss of fluoride directly gives 

product 132.  

Scheme 9. Proposed mechanism for the formation of 132 

 

 

2.4 Conclusion 

In summary, it has been established that the enantioselective chain extension of various 

types of boronic esters can be effected with configurationally labile carbenoid species by 

employing the principle of ligand mediated stereoinductive reagent-controlled homologation 

(i-StReCH). This technique is potentially very versatile because it obviates the more stringent 
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demands of conventional StReCH which requires both a configurationally stable carbenoid 

and a means to access it in a highly enantioenriched form. Enantioenriched 2° carbinols 

generated by oxidative work-up (NaOOH) of initial -phenylalkylboronate products were 

obtained in 35-73% yield and 70-96% ee by reaction of B-alkyl and B-aryl neopentyl glycol 

boronates with a combination of O-(-lithiobenzyl)-N,N-diisopropylcarbamate and ligand 

3,3-bis[(4S)-4,5-dihydro-4-isopropyloxazol-2-yl)pentane in toluene solvent (–78 °C to rt) 

with MgBr2·OEt2 additive. The method was successfully demonstrated for the synthesis of 

α-phenylalkylboronates but the generation of other types of products previously inaccessible 

via reagent-controlled homologation is readily envisioned. i-StReCH was also extended to 

the synthesis of α-silylalkyl boronic esters via another type of configurationally labile 

carbenoids: α-silyl lithium carbenoids as conducted by Dr. Adam L. Barsamian in our group.  

This work was published in joint with Dr. Barsamian’s i-StReCH with α-silyl lithium 

carbenoids project in the following peer reviewed journal: Barsamian, A. L.; Wu, Z.; 

Blakemore, P. R. “Enantioselective synthesis of α-phenyl- and α-(dimethylphenylsilyl)- 

alkylboronic esters by ligand mediated stereoinductive reagentcontrolled homologation using 

configurationally labile carbenoids”, Org. Biomol. Chem. 2015, 13, 3781-3786. 

A closely related project, synthesis of α-fluoroboronate via StReCH of pinacol boronate 

using three different carbenoids did not lead to immediate success. An unexpected 

α-oxyboronate was isolated with moderate yield. 
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3. Part III: Stereospecific Synthesis of Alkenes by Eliminative 

Cross-coupling of Enantioenriched Sp
3
-Hybridized Carbenoids 

3.1 Introduction 

The carbon-carbon double bond is of fundamental importance and molecules containing 

some type of πCC-system are widespread and have broad utility. Such π-bonds are 

encountered most commonly in alkenes
33

 but they are also principal components of allenes 

and cumulenes.
34

 The importance of molecules containing carbon-carbon double bonds 

cannot be overstated for they impact the entire human enterprise by having properties of 

value to medicine, engineering, agriculture, and manufacturing (Figure 11). 

 

Figure 11. Selected examples of biological active compounds and materials with 

‘crypto’stereogenic alkene motif 

In general, carbon-carbon double bonds are stereogenic and/or decorated 

nonsymmetrically and so synthetic methods designed to access them should be capable of 

both stereo- and regio-control.
35
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Figure 12. Conventional carbonyl olefination methods for alkene synthesis 

In spite of this fact, conventional direct methods for the preparation of alkenes, the most 

common class of compounds containing πCC-bonds, do not wholly address selectivity issues. 

For example, carbonyl olefination based approaches (e.g., Wittig reaction and Julia reaction) 

are regiospecific but good stereocontrol is dependent on alkene substituents being adequately 

differentiated by steric or electronic factors (Figure 12).
36

 When there is electronic bias in 

phosphonium ylide 149, the formation of trisubstituted alkene 151 gave excellent yield and 

exclusively (E)-alkene was formed (Scheme 10a).
36b

 However, Wittig reaction generally does 

not perform as well with ketones. Even when there is both steric and electronic bias in ketone 

153, reaction only gave moderate stereoselectivity.
36c

 For Julia reaction (Scheme 10b), 

similar problem was encountered.
36d

 Formation of 1,2-disubstituted alkenes 157 gave 

excellent stereoselectivity. However, when there is small difference between the two groups 

(methyl vs n-pentyl), the reaction offered trisubstituted alkene 159 with poor 

stereoselectivity. 
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Scheme 10. Selected examples of Wittig reaction and modified Julia reaction 

 

When alkenes are prepared via another common approach, alkyne elementometalation 

(Figure 13),
37

 stereospecificity is obtained via syn-addition, but regiocontrol is dependent on 

substituents being again distinguished in some special way (e.g., internal directing group) 

and poor selectivity is anticipated for generic internal alkynes.
38

  

 

Figure 13. Alkyne elementometalation methods for alkene synthesis 

  For example, the regioselecvitity of the three-component copper-catalyzed carboboration 

of alkynes was excellent when targeting alkene 168a (Table 24).
38a

 As the difference between 

R
1
 and R

2
 group gettting smaller, the regioselectivity gets lower. And with only subtle 
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difference between the two groups (4-MeC6H4 vs C6H5), the reaction was non 

-regioselective. 

Table 24. Selected examples of alkyne elementometalation 

 

  Another example shows that excellent regioselectivity was achieved for alkyne 170 with 

an internal silylether directing group (Scheme 11).
38d

 Without directing group in alkyne 174, 

poor regioselectivity was obtained. 

Scheme 11. Selected examples of alkyne elementometalation with internal directing group 
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As a consequence, excellent stereoselectivity is only guaranteed for 1,2-disubstituted 

alkene targets and the stereocontrolled synthesis of tri- and tetra-substituted examples, 

especially thermodynamically disfavored (Z)-alkenes remains a challenge.
39

 There are 

examples of tri- and tetra-substituted alkenes being synthesized with controlled 

stereochemistry. However, these methods usually require several steps to establish the 

stereochemistry. For example, alkene 218 could be synthesized from aldehyde 214 via Wittig 

reaction to get vinyl iodide 216 in good Z-selectivity. Then stereospecific Pd-catalyzed 

Negishi cross-coupling of 216 using organozinc 217 formed the C-C bond (equation 2).
39c

  

 

To overcome the limitations of existing strategies, a connective synthesis of alkenes was 

envisioned via eliminative cross-coupling of enantioenriched sp
3
-hybridized carbenoids 179 

and 180 (Scheme 12).  

Scheme 12. Eliminative cross-coupling of enantioenriched carbenoids for the synthesis of 

alkenes 
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No biasing features are required within the substituents (R
1
-R

4
) to achieve fully controlled 

alkene formation with this concept. The process is trivially regiospecific and stereochemical 

information encoded within the two carbenoid subunits is translated via a sequence of three 

stereospecific processes [electrophilic substitution (179+180→181), 1,2-metalate 

rearrangement (181→182), and β-elimination (182→183)] into any desired configuration of 

the target alkene 183. 

The formation of symmetrical alkenes by eliminative 'dimerization' (i.e., homocoupling) of 

more reactive carbenoids is an often observed side-reaction.
40

 Hodgson et al. deliberately 

exploited this phenomena to make 2-buten-1,4-diol derivatives by homocoupling of 

1-lithiooxiranes. Enantiopure epoxide 184 led to single stereoisomer 187 (equation 3), while 

racemic epoxide led to a mixture of stereoisomers (E:Z = 4:1). This demonstrated that the 

E:Z ratio of the olefin product was dependent on the enantiopurity of the carbenoid.
41

  

 

The synthesis of non-symmetrical alkenes by cross-coupling of racemic carbenoids has 

been occasionally explored; however, these approaches offer poor, or else not generalizable, 

stereoselectivity.
42

 

In a seminal effort that goes a long way to validate the premise of the above scheme, 

Matteson and co-workers described crosscoupling of enantioenriched α-chloroalkylboronates 

188 and enantioenriched Still-type carbanions 189 to afford stereodefined contiguous 

stereodiad motifs 190 bearing vicinal boron and oxygen substituents (e.g., equation 4).
43

 

Elimination was not pursued; however, treatment of the β-oxyboronate products obtained 

with a basic nucleophile would be expected to induce anti-β-elimination to yield alkenes. 
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The first two steps of eliminative cross-coupling (179+180→181→182) resemble 

stereospecific reagent-controlled homologation (StReCH) described in part II of the 

dissertation,
44

 a process typically used for the iterative chain extension of boronic esters by 

sequential insertions of enantioenriched carbenoids into the C-B bond.
45

 Studies by 

Aggarwal et al. have established that Hoppe-type lithiated carbamates are a robust class of 

carbenoids for StReCH.
46

 Significantly, these workers demonstrated that fully substituted 

organolithiums derived from enantiopure secondary O-benzylic carbamates are capable of 

stereospecific insertion into boronic esters.
47

 

3.2 Results and discussions 

Given this precedent and wishing to eschew the targeting of easily made 1,2-disubstituted 

alkenes, we focused experiments on the synthesis of 1-aryl-1,2-dialkylethenes, a class of 

styrenes that are difficult to prepare stereoselectively by traditional direct means.
48

 Our 

exploration began with the synthesis of a variety of starting materials.  

Carbamates 194 were synthesized in two steps, beginning with catalytic enantioselective 

reduction of prochiral ketones 191 using Noyori transfer hydrogenation,
77

 followed by 

acylation of the resulting secondary alcohols 193 with diisopropylcarbamoyl chloride (Table 

25). Notably, all the substrates were prepared in greater than 90% ee. 
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Table 25. Synthesis of enantioenriched carbamates 

 

The other coupling partners, α-carbamoyloxyboronates 196 were synthesized by 

(-)-sparteine mediated lithiation-borylation of the appropriate O-alkyl N,N-diisopropyl 

carbamates with little revision of the method developed by Hoppe et al. (Table 26).
49

 This 

method offered highly enantioenriched α-carbamoyloxyboronates for our key reaction. The 

O-alkyl N,N-diisopropyl carbamates 195 were synthesized using similar method in Table 25 

by acylation of the corresponding primary alcohol with N,N-diisopropyl carbamoyl chloride. 

However, this method is limited to those substrate that can be deprotonated with 

s-BuLi/(-)-sparteine complex and the functional groups are compatable with s-BuLi. Ito et al. 
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developed a catalytic enantioselective synthesis of α-silyloxyboronate, an analog to 

α-carbamoyloxyboronate 196.
50

 However, Dr. Xun Sun found that the reported procedure 

was difficult to follow and the large-scale reaction (5-10 mmol) was extremely slow with 

incomplete conversion which makes this method practically unemployable. 

Table 26. Synthesis of enantioenriched α-carbamoyloxyboronates 

 

Lithiated carbamates 197 were generated from 194 essentially as previously described by 

Aggarwal et al. (Table 27).
22c

 The lithiated carbamates were quenched with CD3OD 

established the efficiency of lithiation (Table 27). The ee (measured with CSP HPLC) of 

(S)-d-194a was the same as the reactant (S)-194a which established that the 

lithiation/deuteration was stereospecific with retention. The stereospecificity of lithiation of 

other substrates were not confirmed. The quality of s-BuLi was highly variable, so most of 

carbamates 194 were lithiated with t-BuLi, which has better consistency of concentration. 

However, with 194b as the substrate, its aromatic C-H was also deprotonated. So s-BuLi was 

used instead of t-BuLi for this one example. For three carbamates (194b, 194c, and 194h), 

we could only get around 70% lithiation efficiency. N,N,N’,N’-tetramethyl-ethylenediamine 

(TMEDA) was used in some of previous studies in combination with BuLi to help 

deprotonation.
51

 Attempts to use TMEDA did improve the lithiation efficiency; however, 

TMEDA seemed detrimental to the following steps (ate-complex formation or 1,2-metallate 

rearrangement) and led to lower yield of the final alkene product. One possible explanation 

would be that the chelation of TMEDA to the lithium stabilizes the carbenoid and lowers its 
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nucleophilicity. Plus, due to intramolecular ligation of carbonyl group to boron-atom, the 

α-carbamoyloxy boronate is less electrophilic comparing to simple boronates. So the overall 

reactivity was doubly weakened.  

Table 27. Establishing lithiation conditions using CD3OD quenching 

 

To establish the basic parameters for this styrene synthesis, eliminative cross-coupling of 

lithiated carbamate 197a with α-carbamoyloxyboronates 196a and 196b to generate 201a 

was examined (Table 28). After optimizing reaction variables for an alkene synthesis 

involving an elimination stage triggered by exogenous alkoxide anion (protocol A), it was 

observed that coupling of (±)-197 and (±)-196a showed little stereoselectivity (Table 28, 

entry 1). This is an ideal result since it reveals that like ('homochiral') and unlike 

('heterochiral') stereochemical pairings of 197 and 196a occur at similar rates. Eliminative 

cross-coupling using (±)-197 and (S)-196a gave alkene 201a with E:Z ~ 1:1 as expected 

(Table 28, entry 2). Assuming that protocol A involved anti elimination, a like stereochemical 

pairing of enantioenriched samples of 197 and 196a was selected to target (E)-201a (Table 28, 

entry 3). In the event, it was discovered that addition of (S)-196a (97% ee) to (S)-197a (97% 

ee) at -78 ºC followed by warming to rt, gave pre-elimination adduct lk-199a (via 



56 
 

ate-complex lk-198a) as an essentially single regio-/diastereo-isomer (Scheme 13). 

Scheme 13. Proposed mechanism for synthesis of (E)-201a 

 

In this case, the putative ate-complex lk-198a rearranged with selective loss of the benzylic 

OCb nucleofuge; however, it should be noted that such regioselectivity is not generally 

required for successful eliminative cross-coupling because both possible regioisomers would 

converge on the same alkene. Treatment of lk-199a with NaOMe could form ate-complex 

lk-200a which underwent anti-elimination to give (E)-201a in good overall yield and with a 

level of stereoselectivity commensurate with statistical considerations. Given that both 

carbenoids in this case had er = 66:1 (97% ee) the anticipated stereoselectivity for alkene 

formation would be E:Z =(66
2
+1):(66+66) ~ 33:1 (i.e., 97:3). 

The relative stereochemistry of lk-199b produced in an analogous manner was proven by 

oxidative deborylation (NaOOH) to give tertiary alcohol 202 followed by cyclization (NaH, 

DMF, 100 ºC) to give the corresponding epoxide 203 (Scheme 14). The relative 

stereochemistry of 203 was confirmed by 2D NMR spectroscopy (NOESY). 

Scheme 14. Proof of relative stereochemistry for pre-elimination adduct lk-199b 
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A side product 204 was also isolated in 15% yield. It might be generated from 203 under 

basic condition via E2 elimination pathway (equation 5). 

 

To conclude the proof-of-concept, the unlike stereochemical pairing of 197a and 196a was 

studied next under essentially identical conditions (Table 28, entry 4). The 

thermodynamically less stable alkene isomer (Z)-201a was obtained in comparable yield and 

with stereoselectivity only slightly lower than that previously observed. 

Table 28. A model eliminative cross-coupling reaction 

 

In an effort to improve yield, a neopentyl glycol boronate (196b) was examined as a 

sterically less encumbered alternative to the pinacol boronic ester used above (196a). X-ray 

diffraction analysis of (S)-196b confirmed its gross structure and absolute stereochemistry. 

This α-carbamoyloxy boronate was observed to exist (in the solid state) in cyclic form with 

the carbonyl group O-atom coordinated to a quaternized B-atom (Figure 14). 
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Figure 14. ORTEP diagram for (S)-196b. 50% probability ellipsoids are plotted for all atoms. 

 Poor solubility of (S)-196b in Et2O was observed at rt when making the Et2O solution of 

(S)-196b to transfer to the in situ generated carbenoid 197a. This could cause the 

ate-complex formation problematic and thus led to a lower yield (Table 28, entry 5). (S)-196b 

had better solubility in THF or toluene. The yield was improved with THF to be the solvent 

for transferring the boronate (S)-196b (Table 28, entry 6). When toluene was used as the 

solvent, a like stereochemical pairing of 197a and 196b proved satisfactory to access 

(E)-201a (Table 28, entry 7), but the unlike combination anticipated to target (Z)-201a gave 

instead a mixture of alkene isomers favoring (E)-201a (Table 28, entry 8). Upon closer 

scrutiny, spectroscopic analysis of the reaction mixture revealed that a significant quantity of 

(E)-201a was present before the alkoxide addition stage. Evidently, in this case, spontaneous 

syn-elimination of the pre-elimination adduct ul-199b at rt via a bora-Wittig-like 

mechanism
52

 competed with the usual alkoxide mediated anti-elimination pathway (equation 

6).  
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Syn-elimination from ul-199b is more rapid than from its epimer lk-199b because for the 

latter, the two largest substituents (Ph and BnCH2) eclipse one another in the necessary 

reactive conformation. Facile spontaneous syn elimination from adducts such as ul-199b 

[leading to (E)-alkenes] means that (Z)-alkenes should not be targeted from neopentyl glycol 

boronates using unlike pairings and anti elimination. The fact that neopentyl glycol boronates 

allow for syn-elimination was deliberately exploited by simply omitting alkoxide addition 

and heating the reaction mixture (PhMe, 80 ºC) following ate-complex rearrangement 

(protocol B). In this manner, (Z)-201a was now successfully obtained from (S)-196b by 

pairing it in a like fashion with (S)-197a (Table 28, entry 9). (E)-201a was similarly targeted 

from (S)-196b by an unlike stereochemical pairing with (R)-197a to give excellent 

stereoselectivity (Table 28, entry 10). Thermolytic syn-elimination from pinacol boronate 

pre-elimination adducts lk-199a and ul-199a was too sluggish at 80 ºC to be practically 

useful. 

At this juncture, two viable eliminative cross-coupling protocols for the stereospecific 

synthesis of styrene 201 had been identified and we sought to determine the limit of these 

approaches for the preparation of other 1-aryl-1,2-dialkylethenes.  
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Table 29. Synthesis of (E)-1-aryl-1,2-dialkylethenes by eliminative cross-coupling
a
 

 

All alkenes were separately targeted in both (E)- and (Z)-configurations and for each 

isomer, outcome data for the coupling method that gave the better result among those 

evaluated are illustrated. In general, (E)-isomers were best accessed via like pairings and anti 

elimination (protocol A) using neopentyl glycol (neo) or pinacol (pin) boronates (Table 29). 

While like pairings and syn elimination (protocol B) applied to neopentyl glycol boronates 

were typically superior for the synthesis of (Z)-isomers (Table 30). When syn-elimination 
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was desired, it was found that an aqueous work-up to remove basic species (which may 

trigger anti-elimination) prior to thermolysis led to improved stereoselectivity.  

Table 30. Synthesis of (Z)-1-aryl-1,2-dialkylethenes by eliminative cross-coupling
a
 

 

Of note, an acceptable level of stereocontrol was obtainable for a majority of alkene targets 

and in all cases it was possible to select for the (E)- or the (Z)-isomer. Generally, the 

stereoselectivity is higher when targeting thermodynamically more stable (E)-alkenes. The 

efficiency of coupling diminished as the steric demand of substituents surrounding the double 

bond increased (cf. 201a, 201f, 201g, and 201i) but it was impressive that highly strained 
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(Z)-alkenes could be targeted successfully (e.g., (Z)-201e and (Z)-201i), even in a case where 

the olefin was exocyclic to a benzofused bicyclic scaffold (e.g., (Z)-201h). 

Anomalous behavior observed during attempts to secure α-vinyl naphthalene 201e 

necessitated the development of a new protocol (C) to obtain stereoselectivity. In this case, 

atypical O-atom migration competed with the canonical mechanism for 1,2-metalate 

rearrangement and stereocontrol was forfeit. Addition of MgBr2·OEt2 after ate-complex 

formation facilitated clean formation of the borinate product of O-atom migration (202) 

which transformed stereospecifically to the olefin, presumably via boronate 204, upon 

heating (Scheme 15).  

Scheme 15. Proposed mechanism for unexpected stereoselectivity of (E)-201e formation 

  

Double inversion of stereochemistry at the benzylic C-atom (originating in the lithiated 

carbamate) accounts for generation of an (E)-alkene product from a like carbenoid pairing 
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and a syn elimination pathway (and similarly, a (Z)-alkene from an unlike pairing). 

When the pre-elimination mixture containing 202 was treated with a solution of NaOH in 

MeOH at room temperature, alcohol 207 was isolated in 60% yield presumably via 

hydrolysis of B-O bond and protodeborylation of intermediate 206 (equation 7). This result 

also supported our proposed O-migration mechanisam. 

 

The reason that oxygen-migration (O-migration) happens instead of carbon-migration 

(C-migration) is briefly discussed in Figure 15. The 1,2-metallate rearrangement is 

stereospecific which requires the migrating group anti-periplanar to the nucleofugal group. 

Since, C-B bond formed in ate-complex formation can freely rotate, all three conformations 

can exist. In the conformation required for C-migration, there are interactions between the 

B-ring of 1-naphthyl group and the alkyl group on the B-atom which destabilizes this 

geometry. While the other two geometries required for O-migration do not have such 

destabilization effect. Plus, both oxygen-atoms can migrate and converge to the same 

borinate 202. So the chances of O-migration is much larger than C-migration. In all the other 

examples in Table 29&30, we only observed C-migraton happening. Because, normally 

carbon-group has higher migration ability than oxygen-group; such destabilization effect is 

small or simply does not exist in the other substrates. 
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Figure 15. Proposed 1,2-metallate rearrangememt of lk-198e: O-migration vs C-migration  

In a foray to gauge the potential of eliminative carbenoid cross-coupling for the synthesis 

of more complex alkenes, boronate (10S)-212
51

 was synthesized from (+)-α-pinene 208 in 4 

steps (Scheme 16). SeO2-catalyzed allylic oxidation of (+)-α-pinene 208, followed by NaBH4 

reduction gave allylic alcohol 210 in good yield over 2 steps.
53

 Acylation of 210 with 

diisopropylcarbamoyl chloride gave carbamate 211 in excellent yield. Deprotonation of 211 

with s-BuLi/TMEDA followed by trapping the lithiated intermediate with i-PrOBpin gave a 

solely diastereoisomer (10S)-212 in good yield. 

Scheme 16. Synthesis of coupling partner (10S)-212 from (+)-α-pinene (208) 
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Coupling of enantioenriched carbenoid (R)- or (S)-197a with boronate (10S)-212 to target 

the precursor of a known chiral pentadienyl anionic ligand [conjugated diene (E)-213]
54

 was 

explored (Scheme 17). Separate transformations targeting both (E)- and (Z)-isomers of diene 

213 proceeded in good yield and it was notable that syn-elimination was achievable from a 

pinacol boronate, presumably because of the doubly activated (allylic/benzylic) nature of the 

relevant preelimination adducts in this case. Synthesis of (E)-213 benefitted from the 

addition of trimethylborate as a nucleophile scavenger after ate-complex formation [without 

B(OMe)3, yield = 39%, E:Z = 97:3]; however, the presence of this additive was detrimental 

when (Z)-213 was targeted [with B(OMe)3, yield = 49%, E:Z = 35:65]. 

Scheme 17. Stereoselective synthesis of a conjugated diene 213 from an (+)-α-pinene 

derived boronate (10S)-212 

 

 

2.3 Conclusion 

In summary, it has been demonstrated that eliminative cross-coupling of enantioenriched 

carbenoids is a viable strategy for the stereospecific assembly of alkenes. Enantioenriched 

lithiated carbamates [CArR
2
Li(O2CNiPr2)] were combined with enantioenriched 

-carbamoyloxyboronates [CHR
3
[B(OR)2](O2CNiPr2)]  to achieve alkene synthesis by a 

cross-coupling process involving a sequence of three stereospecific fundamental steps: (i) 
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electrophilic substitution, (ii) 1,2-metallate rearrangement, and (iii) -elimination. By this 

sequence, stereochemical information encoded within the two carbenoid building blocks is 

translated into any desired configuration of the targeted alkene [(E)- or (Z)-isomer] as 

determined by choice of carbenoid stereochemical pairing, either like [i.e., (R) + (R) or (S) + 

(S)] or unlike [i.e., (R) + (S)], and elimination mechanism type (syn or anti). Herein, the 

eliminative cross-coupling concept was established for the synthesis of (E)- and (Z)-isomers 

of a variety of 1-aryl-1,2-dialkylethenes [10 examples of (E)-isomers, 11-70% yield, E:Z 

90:10 to >98:2; 10 examples of (Z)-isomers, 19-70% yield, Z:E 67:33 to >98:2]. Double 

bond configuration is programmed by carbenoid stereochemical pairing (like or unlike) and 

the type of elimination protocol (syn or anti) employed. Thus, by contrast to traditional 

methods for alkene synthesis that rely on substituent effects for stereocontrol, the advocated 

approach is in principle applicable to the stereoselective synthesis of essentially any type of 

stereogenic alkene, no matter how subtle, or otherwise, the features distinguishing 

stereoisomers. The concept was established for trisubstituted alkenes of the styrene class and 

it remains to extend it to other important types of olefins, including tetrasubstituted examples. 

Studies along these lines, and conceptually related work directed at the synthesis of allenes 

and higher cumulenes, is ongoing and will be the subject of future projects. 

This project was accepted for publication in the following peer reviewed journal: Wu, Z.; 

Sun, X.; Potter, K.; Cao, Y.; Zakharov, L. N.; Blakemore, P. R. “Stereospecific Synthesis of 

Alkenes by Eliminative Crosscoupling of Enantioenriched Sp3-Hybridized Carbenoids”, 

Angew. Chem., Int. Ed. 2016, in press. 
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4. Experimental Procedures 

4.1 General experimental conditions 

All reactions requiring anhydrous/anaerobic conditions were conducted in oven-dried 

glassware under an atmosphere of Ar gas. Anhydrous THF, Et2O, CH2Cl2, CH3CN and 

toluene were dispensed from a commercially available solvent purification system employing 

activated Al2O3 drying columns. Anhydrous cumene (i-PrPh) was obtained by distillation 

from CaH2 under Ar. Preparative chromatographic separations were performed on silica gel 

60 (40–63 μm) and reactions followed by TLC analysis using silica gel 60 plates (9.5–11.5 

μm) with fluorescent indicator (254 nm) and visualized with UV or phosphomolybdic acid. 

Commercially available reagents were used as received. Melting points were determined 

from open capillary tubes on a melting point apparatus and are uncorrected. Infra-red (IR) 

spectra were recorded in Fourier transform mode using KBr disks for solids, while oils were 

supported between NaCl plates (“neat”). 
1
H and 

13
C NMR spectra were recorded in Fourier 

transform mode at the field strength specified and from the indicated deuterated solvents in 

standard 5 mm diameter tubes. Chemical shift in ppm is quoted relative to residual solvent 

signals calibrated as follows: CDCl3 δH (CHCl3) = 7.26 ppm, δC = 77.2 ppm. Multiplicities in 

the 
1
H NMR spectra are described as: s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet, br = broad. Numbers in parentheses following carbon atom chemical shifts refer to 

the number of attached hydrogen atoms as revealed by the DEPT spectral editing technique. 

Low (MS) and high resolution (HRMS) mass spectra were obtained using either electron 

impact (EI) or electrospray (ES) ionization techniques. Ion mass/charge (m/z) ratios are 

reported as values in atomic mass units. 
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4.2 Experimental details for results presented in part I 

Synthesis and Resolution of Phosphine 28 (Scheme 2) 

 

7-Butoxy-7’-hydroxy-8,8’-biquinolyl (48, Scheme 2): A stirred suspension of 

7,7’-dihydroxy-8,8’-biquinolyl (19; 1.48 g, 5.13 mmol), Ph3P (1.88 g, 7.18 mmol), and 

n-BuOH (2.40 mL, d = 0.810, 1.94 g, 26.2 mmol) in THF (52 mL) was treated with diethyl 

azodicarboxylate (DEAD, 3.10 mL, 40 wt% in toluene, d = 0.956, 1.19 g, 6.81 mmol) at rt 

The resulting mixture was stirred for 4 h at rt and then concentrated in vacuo. The residue 

was taken up in 2.0 M aq HCl (10 mL) and H2O (20 mL) and the acidic aqueous solution of 

biquinolyl hydrochloride salts washed with EtOAc (3 x 30 mL). The pH of the aqueous phase 

was adjusted to 7.0 with 30 wt% aq KOH and the free bases of the biquinolyl components 

were extracted with EtOAc (4 x 40 mL). The combined organic extracts were dried (Na2SO4) 

and concentrated in vacuo. The residue was purified by column chromatography (SiO2, 

eluting with 1-2% MeOH in CH2Cl2) to afford the monoether 48 (1.35 g, 3.92 mmol, 76%) as 

a yellow solid; mp 136.0-137.5 °C; IR (neat) 3048, 2933, 1610, 1501, 1428, 1307, 1085 cm
–1

; 

1
H NMR (400 MHz, CDCl3) δ 8.82 (1H, dd, J = 4.3, 1.8 Hz), 8.68 (1H, dd, J = 4.3, 1.8 Hz), 

8.22 (1H, dd, J = 8.2, 1.8 Hz), 8.11 (1H, dd, J = 8.1, 1.8 Hz), 7.97 (1H, d, J = 9.0 Hz), 7.82 

(1H, d, J = 8.8 Hz), 7.53 (1H, d, J = 9.0 Hz), 7.46 (1H, d, J = 8.9 Hz),7.31 (1H, dd, J = 8.3, 

4.3 Hz), 7.19 (1H, dd, J = 8.1, 4.2 Hz), 6.80-6.30 (1H, br s), 4.04-3.91 (2H, m), 1.30-1.20 

(2H, m), 0.86 (2H, sext, J = 7.1 Hz), 0.63 (3H, t, J = 7.3 Hz) ppm; 
13

C NMR (100 MHz, 

CDCl3) δ 159.2 (0), 155.2 (0), 151.1 (1), 149.9 (1), 148.7 (0), 147.8 (0), 137.4 (1), 136.1 (1), 

129.9 (1), 129.0 (1), 124.1 (0), 124.0 (0), 120.5 (1), 119.3 (0), 119.0 (1), 118.6 (0), 118.4 (1), 

116.4 (1), 69.1 (2), 31.2 (2), 18.7 (2), 13.7 (3) ppm; MS (ES) m/z 345 (M+H)
+
; HRMS (ES) 
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m/z 345.1586 (calcd. for C22H21N2O2 (M+H): 345.1603). 

 

 

7’-Butoxy-7-(trifluoromethylsulfonyloxy)-8,8’-biquinolyl (49, Scheme 2): A stirred 

solution of phenol 48 (1.00 g, 2.90 mmol) in anhydrous pyridine (12 mL) at 0 ºC under argon 

was treated dropwise with neat Tf2O (1.43 mL, d = 1.677, 2.40 g, 8.50 mmol). The mixture 

was allowed to warm to rt and stirred for 71 h and then concentrated in vacuo. Deionized 

water (15 mL) was added to the residue. A brown solid precipitated out. The suspension was 

filtered through a piece of filter paper to get rid of most pyridine. The brown filter cake was 

further purified by column chromatography (SiO2, eluting with 3-5% MeOH in CH2Cl2) to 

afford triflate 49 (1.29 g, 2.71 mmol, 93%) as a yellow solid; mp 117.2-119.0 °C; IR (neat) 

3051, 3008, 2961, 1613, 1503, 1418, 1213, 1143, 964, 847cm
–1

; 
1
H NMR (400 MHz, CDCl3) 

δ 8.84 (1H, dd, J = 4.0, 1.2 Hz), 8.71 (1H, dd, J = 4.1, 1.4 Hz), 8.26 (1H, dd, J = 8.4, 1.4 Hz), 

8.15 (1H, dd, J = 8.0, 1.0 Hz), 7.99 (1H, d, J = 8.9 Hz), 7.97 (1H, d, J = 9.0 Hz), 7.65 (1H, d, 

J = 9.1 Hz), 7.49 (1H, d, J = 9.1 Hz), 7.42 (1H, dd, J = 8.2, 4.1 Hz),7.23 (1H, dd, J = 8.2, 4.2 

Hz), 4.05 (2H, t, J = 6.5 Hz), 1.42 (2H, quint, J = 7.0 Hz), 0.99 (2H, sext, J = 7.4 Hz), 0.66 

(3H, t, J = 7.4 Hz) ppm;
 13

C NMR (100 MHz, CDCl3) δ 157.7 (0), 151.4 (1), 151.1 (1), 148.2 

(0), 148.1 (0), 148.0 (0), 136.3 (1), 136.1 (1), 130.5 (1), 129.5 (1), 127.7 (0), 123.6 (0), 121.6 

(1), 120.4 (1), 120.0 (0), 119.0 (1), 117.7 (0), 114.8 (1), 68.8 (2), 31.2 (2), 18.8 (2), 13.6 (3) 

ppm (CF3 not distinguishable); MS (ES) m/z 477 (M+H)
+
; HRMS (ES) m/z 477.1094 (calcd. 

for C23H20F3N2O4S (M+H): 477.1096).  
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7’-Butoxy-7-(diphenyloxyphosphino)-8,8’-biquinolyl (50, Scheme 2): T A 30 mL 

thick-walled glass reaction tube equipped with a Teflon screw-fitting stopper (a ‘sealed tube’ 

apparatus) was opened to air and charged with a stir bar, triflate 49 (566 mg, 1.19 mmol), 

tris(dibenzylideneactone)dipalladium (Pd2dba3, 53 mg, 0.058 mmol, 5 mol%), and 

1,1′-bis(diphenylphosphino)ferrocene (dppf, 71 mg, 0.128 mmol, 11 mol%). Et3N (0.24 mL, 

d = 0.726, 174 mg, 1.73 mmol), Ph2PH (0.22 mL, d = 1.07, 235 mg, 1.26 mmol), and DMF 

(12 mL) were then added and the Teflon stopper screwed back into place to create a tight seal. 

Stirring was initiated to effect dissolution and the tube partially submerged in a 100 °C oil 

bath above a magnetic stirrer-hotplate (note: the entire apparatus was set-up behind a large 

plastic blast shield). The contents of the sealed tube were stirred in this manner for 47 h and 

then allowed to cool to rt before the stopper was cautiously removed. The reaction mixture 

was filtered and the solids washed with EtOAc (2 x 5 mL). The filtrate and combined 

washings were partitioned between EtOAc (20 mL) and H2O (30 mL) and the layers 

separated. The aqueous phase was extracted with EtOAc (3 x 20 mL) and the combined 

organic phases washed with sat. aq NH4Cl (3 x 40 mL), brine (20 mL), then dried (Na2SO4), 

and concentrated in vacuo. The residue was further purified by column chromatography 

(SiO2, eluting with 3-5% MeOH in CH2Cl2) to afford the racemic phosphine oxide (±)-50 

(577 mg, 1.09 mmol, 92%) as a viscous yellow-brown oil that solidified on standing. 

Recrystallization from toluene gave pale yellow plates suitable for X-ray diffraction 

analysis
55

 The racemic product was further resolved on CSP HPLC and gave two 

enantiomers. The optical rotation of the fast enantiomer was measured. [α]D
20 

-29.5 (c 1.17, 

CHCl3); IR (neat) 3055, 2959, 2926, 1611, 1502, 1437, 1308, 1273, 1175, 1116 cm
–1

; 
1
H 

NMR (700 MHz, CDCl3) δ 8.71 (1H, dd, J = 4.1, 1.7 Hz), 8.45 (1H, dd, J = 4.2, 1.7 Hz), 8.18 
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(1H, dd, J = 8.3, 1.7 Hz), 8.00 (1H, dd, J = 11.3, 8.6 Hz), 7.92 (1H, dd, J = 8.6, 2.7 Hz), 7.85 

(1H, dd, J = 8.2, 1.7 Hz), 7.62-7.55 (3H, m), 7.37 (1H, dd, J = 8.3, 4.2 Hz), 7.32 (1H, tm, J = 

7.5 Hz), 7.25-7.17 (5H, m), 7.08 (1H, d, J = 9.0 Hz), 7.05-7.00 (3H, m), 3.95-3.90 (1H, m), 

3.88-3.81 (1H, m), 1.43-1.35 (2H, m), 0.98-0.85 (2H, m), 0.62 (3H, t, J = 7.4 Hz) ppm; 
13

C 

NMR (100 MHz, CDCl3) δ 157.5 (0), 150.8 (1), 150.0 (1), 148.5 (0), 147.7 (0, d, J = 14 Hz), 

142.6 (0, d, J = 8 Hz), 136.0 (1), 135.6 (1), 133.7 (0, d, J = 103 Hz), 133.2 (0, d, J = 104 Hz), 

132.2 (2C, 1, d, J = 10 Hz), 131.7 (2C, 1, d, J = 10 Hz), 131.1 (1, d, J = 2 Hz), 130.8 (1, d, J 

= 2 Hz), 129.9 (0, d, J = 3 Hz), 129.8 (1, d, J = 11 Hz), 129.7 (2C, 1), 127.7 (2C, 1, d, J = 12 

Hz), 127.46 (2C, 1, d, J = 12 Hz), 127.35 (0, d, J = 13 Hz), 123.1 (0), 122.4 (1), 122.3 (0, d, J 

= 5 Hz), 118.4 (1), 114.5 (1), 68.4 (2), 31.3 (2), 18.8 (2), 13.7 (3) ppm; CSP HPLC 

(semi-Chiracel OD, 2-propanol/hexane 10:90, flow 3.0 mL/min, λ= 254 nm): tR = 33.3 min 

and 44.5 min; MS (ES) m/z 529 (M+H)
+
; HRMS (ES) m/z 529.2029 (calcd. for C34H30N2O2P 

(M+H): 529.2045). Single-crystal X-ray diffraction Analysis (Figure 5): Diffraction 

intensities for phosphine oxide (±)-50 were collected at 100(2) K on a Bruker Apex2 CCD 

diffractometer with a Incoatec IμS source (CuK radiation = 1.54178 Å). Space group was 

determined based on systematic absences. Absorption corrections were applied by SADABS. 

Structure was solved by direct methods and Fourier techniques and refined on F
2
 using full 

matrix least-squares procedures. All non-H atoms were refined with anisotropic thermal 

parameters. All H atoms were found on the residual density and refined with isotropic 

thermal parameters. All calculations were performed by the Bruker SHELXTL (v. 6.10) 

package.
56

 C34H29N2O2P, M = 528.56, 0.12×0.07×0.02 mm, T = 100 K, monoclinic, space 

group P21/n, a = 13.1020(6) Å, b = 11.2950(5) Å, c = 18.4184(9) Å,  = 107.347(2), V = 

2601.7(2) Å
3
, Z = 4, Dc = 1.349 Mg/m

3
, μ = 1.216 mm

-1
, F(000) = 1112, 2θmax = 126.96°, 

32878 reflections, 4061 independent reflections [Rint = 0.0461], R1 = 0.0340, wR2 = 0.0896 

and GOF = 1.027 for 4061 reflections (468 parameters) with I>2(I), R1 = 0.0373, wR2 = 

0.0921 and GOF = 1.027 for all reflections, max/min residual electron density +0.228/-0.434 

eÅ
3
. 
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(+)-7'-Butoxy-7-(diphenylphosphino)-8,8'-biquinoyl (28, Scheme 2): A stirred solution of 

phosphine oxide (−)-50 (17 mg, 0.032 mmol) in toluene (2.0 mL) at rt under argon was 

treated with Et3N (53 mL, d = 0.726, 38 mg, 0.38 mmol) and HSiCl3 (26 mL, d = 1.34, 35 

mg, 0.26 mmol). The resulting mixture was heated to 100 ºC and stirred for 14 h. After this 

time, the mixture was allowed to cool and then partitioned between sat. aq NaHCO3 (10 mL) 

and EtOAc (10 mL) and the layers separated. The aqueous phase was extracted with EtOAc 

(10 mL) and the combined organic extracts washed with brine (20 mL), dried (Na2SO4), and 

concentrated in vacuo. The residue was purified by column chromatography (SiO2, eluting 

with 2-6% MeOH in CH2Cl2) to yield phosphine (+)-28 (15.8 mg, 0.031 mmol, 96%, > 98% 

ee) as a yellow solid; mp 145.0-147.0 °C; [α]D
20 

+ 61.3 (c 0.770, CHCl3); IR (neat) 3050, 

2957, 1610, 1501, 1434, 1308, 1272, 1083, 835, 744, 696 cm
-1

; 
1
H NMR (400 MHz, CDCl3) 

δ 8.77 (1H, d, J = 2.8 Hz), 8.54 (1H, d, J = 3.1 Hz), 8.15 (1H, d, J = 8.2 Hz), 8.09 (1H, d, J = 

8.1 Hz), 7.90 (1H, d, J = 9.0 Hz), 7.80 (1H, d, J = 8.4 Hz), 7.47 (1H, dd, J = 8.3, 2.1 Hz), 

7.39 (1H, d, J = 9.0 Hz), 7.32 (1H, dd, J = 8.1, 4.2 Hz), 7.28-7.19 (10H, m), 7.12 (1H, dd, J = 

8.1, 4.1 Hz), 3.89 (1H, q, J = 8.3 Hz), 3.79 (1H, dt, J = 8.7, 6.2 Hz), 1.31-1.20 (2H, m), 

0.96-0.83 (2H, m), 0.61 (3H, t, J = 7.4 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 157.3 (0), 

150.5 (1), 150.3 (1), 148.6 (0), 147.8 (0, d, J = 9 Hz), 139.7 (0, d, J = 11 Hz), 138.3 (0, d, J = 

14 Hz), 138.0 (0, d, J = 13 Hz), 136.1 (1), 135.9 (1), 133.7 (2C, 1, d, J = 1 Hz), 133.5 (2C, 1, 

d, J = 2 Hz), 131.1 (1, d, J = 1 Hz), 129.2 (1), 128.7 (0), 128.2 (2C, 1, d, J = 1 Hz), 128.14 

(2C, 1, d, J = 1 Hz), 128.07 (2C, 1), 127.6(1), 124.8 (0, d, J = 1 Hz), 123.5 (0), 121.4 (1), 

118.6 (1), 114.9 (1), 68.5(2), 31.3 (2), 18.8 (2), 13.7 (3) ppm (1 quaternary carnon signal 

obscured); CSP HPLC (semi-Chiracel OD, 2-propanol/hexane 10:90, flow 3.0 mL/min, λ= 

254 nm): tR = 11.9 min (major) and 28.6 min (minor); MS (ES) m/z 513 (M+H)
+
; HRMS (ES) 



73 
 

m/z 513.2082 (M+H)
+
 (calcd. for C34H30N2OP (M+H): 513.2096). 

 

 

(R)-(+)-2-(Diphenylphosphino)-2’-methoxy-1,1’-binaphthyl (51, Figure 6): A a 4 mL vial 

with a stir bar was charged with (R)-MOP 55 (10.0 mg, 0.0213 mmol) and THF (1 mL). Then 

30% H2O2 (aq, 0.024 mL, 0.21mmol) was added to the solution dropwisely via syringe. The 

mixture was stirred at rt for 24 hours. Then the solution was diluted with EtOAc (5 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The residue was purified by column 

chromatography (SiO2, eluting with 50%-67% EtOAc in hexanes) to yield phosphine oxide 

51 (10.1 mg, 0.0208 mmol, 98%) as a white solid. [α]D
20 

+109.4  (c 1.01, CHCl3); IR (neat) 

3058, 3011, 2961, 2933, 1624, 1593, 1511, 1437, 1271, 1252, 1181, 1117, 1081, 808, 749, 

723, 701 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 8.02-7.90 (3H, m), 7.66 (1H, d, J = 9.0 Hz), 

7.59 (1H, d, J = 8.1 Hz), 7.56-7.43 (3H, m), 7.35-7.26 (3H, m), 7.24-7.15 (5H, m), 7.12 (1H, 

d, J = 8.5 Hz), 7.08-6.98 (4H, m), 6.81 (1H, d, J = 8.5 Hz), 3.58 (3H, s) ppm; assignment of 

all signals in the 
13

C NMR is difficult because of 
13

C-
31

P coupling and the overlapping of 

signals; The 
1
H NMR spectral data were in agreement with previously reported data.

57
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Typical Procedure for Suzuki–Miyaura Coupling (Table 7-13) 

 

1-(2’-Nitrophenyl)-2-phenylnaphthalene (54a): A 15 mL thick-walled glass reaction tube 

equipped with a Teflon screw-fitting stopper (a ‘sealed tube’ apparatus) was opened and 

charged with a stir bar, 1-bromo-2-nitrobenzene (52a; 20 mg, 0.099 mmol), 

2-phenyl-1-naphthylboronic acid (53a; 37 mg, 0.149 mmol), ligand (+)-28 (6 mg, 0.012 

mmol, 12 mol%), tris(dibenzylideneacetone) dipalladium (Pd2dba3, 4.5 mg, 0.0049 mmol, 5 

mol%), and K3PO4 (42 mg, 0.199 mmol). A rubber septum was applied and the vessel was 

flushed with argon gas, then anhydrous toluene (0.50 mL) added via syringe. The septum was 

carefully replaced with the Teflon stopper, which was screwed on tight to seal the reaction 

tube. The contents of the vessel were sonicated for 30 seconds and then the tube partially 

submerged in a 70 ºC oil bath above a magnetic stirrer-hotplate (note: the entire apparatus 

was set up behind a large plastic blast shield). The contents of the sealed tube were stirred in 

this manner for 48 h and then allowed to cool to rt before the stopper was cautiously removed. 

The reaction mixture was filtered and the solids washed with EtOAc (3 x 5 mL). The filtrate 

and combined washings were concentrated in vacuo. The residue was purified by column 

chromatography (SiO2, eluting with 11-33% CH2Cl2 in hexanes) to afford biaryl (−)-54a 

(30.6 mg, 0.094 mmol, 94%, 50% ee) as a yellow solid. [α]D
20 

-30.2 (c 2.41, CHCl3); IR (neat) 

3059, 3034, 2923, 2856, 1610, 1571, 1524, 1495, 1445, 1351, 826, 764, 753, 703, 588 cm
–1

; 

1
H NMR (400 MHz, CDCl3) δ 8.01-7.92 (3H, m), 7.60-7.35 (6H, m), 7.29 (1H, dd, J = 7.6, 

1.3 Hz), 7.21-7.15 (5H, m) ppm; 
13

C NMR (100 MHz, CDCl3) δ 150.2 (0), 141.3 (0), 138.3 

(0), 134.8 (0), 134.4 (1), 133.5 (0), 132.8 (1), 132.7 (0), 131.8 (0), 129.7 (2C, 1), 128.56 (1), 

128.53 (1), 128.47 (1), 128.2 (1), 128.0 (2C, 1), 127.04 (1), 126.95 (1), 126.1 (1), 125.4 (1), 

124.5 (1) ppm; CSP HPLC (Chiracel OD, 2-propanol/hexane 5:95, flow 0.5 mL/min, λ= 254 



75 
 

nm): tR = 17.2 min (major) and 20.7 min (minor). The 
1
H NMR and 

13
C NMR spectral data 

were in agreement with previously reported data.
58

 

 

 

1-(2-Biphenyl)-2-methoxynaphthalene (54b, Table 12): 1-Bromo-2-methoxynaphthalene 

(52b, 24 mg, 0.101 mmol) and biphenyl-2-boronic acid (53b, 30 mg, 0.151 mmol) were 

coupled according to the typical procedure given above (with a reaction temperature of 45 ºC) 

using (+)-28 as ligand to yield the title biaryl (+)-(aS)-54b (30 mg, 0.097 mmol, 97%, 20% 

ee) as a colorless oil; [α]D
20 

+ 9.0 (c 1.42, CHCl3); IR (neat) 3056, 2933, 1621, 1593, 1509, 

1333, 1262, 1070, 808, 745 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.80 (2H, d, J = 9.0 Hz), 

7.60-7.48 (4H, m), 7.41-7.31 (3H, m), 7.14 (1H, d, J = 9.0 Hz), 7.11-7.03 (5H, m), 3.54 (3H, 

s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 153.7 (0), 143.2 (0), 142.0 (0), 135.0 (0), 134.0 (0), 

132.0 (1), 130.0 (1), 129.2 (1), 129.0 (0), 128.8 (2C,1), 128.1 (1), 127.9 (1), 127.4 (2C, 1), 

127.3 (1), 126.5 (1), 126.4 (1), 125.4 (1), 124.6 (0), 123.5 (1), 113.3 (1), 56.2 (3) ppm; CSP 

HPLC (Chiracel OJ, 2-propanol/hexane 5:95, flow 0.5 mL/min, λ= 254 nm): tR = 17.8 min 

(minor) and 29.6 min (major). The 
1
H NMR and 

13
C NMR spectral data were in agreement 

with previously reported data.
59

 

 

 

1-(2-Methoxyphenyl)-2-methoxynaphthalene (54c, Table 12): 1-Bromo-2-methoxy- 

naphthalene (52b, 21 mg, 0.089 mmol) and 2-methoxyphenylboronic acid (53c, 20.5 mg, 
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0.135 mmol) were coupled according to the typical procedure given above using (+)-28 as 

ligand to yield the title biaryl (+)-54c (19 mg, 0.072 mmol, 81%, 6% ee) as a yellow oil; 

[α]D
20 

+1.6 (c 1.78, CHCl3); IR (neat) 3058, 2935, 1622, 1594, 1495, 1433, 1269, 1068, 907, 

810, 753 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.89 (1H, d, J = 9.1 Hz), 7.85-7.80 (1H, m), 

7.44 (1H, dt, J = 7.8, 1.7 Hz), 7.39 (2H, d, J = 9.1 Hz), 7.35-7.30 (2H, m), 7.24 (1H, dd, J = 

7.4, 1.7 Hz), 7.12 (2H, dm, J = 7.4 Hz), 3.85 (3H, s), 3.71 (3H, s) ppm; 
13

C NMR (100 MHz, 

CDCl3) δ 157.9 (0), 154.4 (0), 133.8 (0), 132.6 (1), 129.2 (0), 129.2 (1), 129.0 (1), 128.0 (1), 

126.3 (1), 125.5 (0), 125.4 (1), 123.6 (1), 122.3 (0), 120.7 (1), 114.3 (1), 111.5 (1), 57.1 (3), 

55.9 (3) ppm; CSP HPLC (Chiracel OJ, 2-propanol/hexane 1:99, flow 1.2 mL/min, λ= 254 

nm): tR = 13.3 min (minor) and 19.8 min (major). The 
1
H NMR and 

13
C NMR spectral data 

were in agreement with previously reported data.
60

 

 

 

1-(2-Methoxyphenyl)-2-phenylnaphthalene (54d, Table 12): 1-Bromo-2-phenyl- 

naphthalene (52c, 25.5 mg, 0.090 mmol) and 2-methoxyphenylboronic acid (53c, 20.5 mg, 

0.135 mmol) were coupled according to the typical procedure given above using (+)-28 as 

ligand to yield the title biaryl (−)-54d (27 mg, 0.087 mmol, 97%, 4% ee) as a colorless oil; 

[α]D
20 

-4.3 (c 1.76, CHCl3); IR (neat) 3055, 2931, 1601, 1579, 1491, 1461, 1434, 1243, 1028, 

823, 756 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.94 (2H, t, J = 8.4 Hz), 7.60 (2H, t, J = 8.5 

Hz), 7.49 (1H, tm, J = 8.0 Hz), 7.41 (1H, ddd, J = 8.2, 7.2, 1.0 Hz), 7.31 (1H, dt, J = 8.3, 1.7 

Hz), 7.24-7.15 (5H, m), 7.09 (1H, dd, J = 7.4, 1.6 Hz), 6.93 (1H, t, J = 7.4 Hz), 6.88 (1H, d, J 

= 8.2 Hz), 3.54 (3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 157.8 (0), 142.5 (0), 139.1 (0), 

134.4 (0), 132.90 (0), 132.87 (1), 129.6 (2C, 1), 128.9 (1), 128.20 (1), 128.16 (0), 128.08 (1), 

127.8 (1), 127.5 (2C, 1), 126.8 (1), 126.4 (1), 126.2 (1), 125.7 (1), 120.4 (1), 110.9 (1), 55.4 
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(3) ppm (one quaternary carbon signal obscured); CSP HPLC (Chiracel OJ, 

2-propanol/hexane 1:99, flow 1.0 mL/min, λ= 254 nm): tR = 9.5 min (minor) and 16.2 min 

(major). MS (ES) m/z 310 (M
+
); HRMS (ES) m/z 310.1352 (M

+
) (calcd. for C27H20O (M

+
): 

310.1358). The 
1
H NMR and 

13
C NMR spectral data were in agreement with previously 

reported data.
61

 

 

 

2-Methoxy-2’-phenyl-1,1’-binaphthyl (54e, Table 13): 1-Bromo-2-methoxynaphthalene 

(52b, 24 mg, 0.101 mmol) and 2-phenyl-1-naphthylboronic acid (53a, 37 mg, 0.149 mmol) 

were coupled according to the typical procedure given above using (+)-28 as ligand to yield 

the title biaryl (+)-54e (18.3 mg, 0.051 mmol, 50%, 16% ee) as a colorless solid. [α]D
20 

+ 6.2 

(c 1.62, CHCl3); IR (neat) 3055, 2933, 1624, 1592, 1267, 1251, 1147, 1075, 809, 763 cm
–1

; 

1
H NMR (400 MHz, CDCl3) δ 8.02 (1H, d, J = 8.5 Hz), 7.96 (1H, d, J = 8.2 Hz), 7.85 (1H, d, 

J = 9.0 Hz), 7.78 (1H, d, J = 8.1 Hz), 7.66 (1H, d, J = 8.4 Hz), 7.46 (1H, ddd, J = 8.0, 5.4, 2.5 

Hz), 7.30-7.18 (5H, m), 7.15-7.08 (3H, m), 7.04-7.00 (3H, m), 3.58 (3H, s) ppm; 
13

C NMR 

(100 MHz, CDCl3) δ 154.9 (0), 142.4 (0), 140.4 (0), 134.6 (0), 133.3 (0), 133.1 (0), 132.0 (0), 

129.6 (1), 128.9 (2C, 1), 128.8 (0), 128.4 (1), 128.2 (1), 128.1 (1), 128.0 (1), 127.3 (2C, 1), 

126.9 (1), 126.6 (1), 126.4 (2C, 1), 125.8 (1), 125.7 (1), 123.5 (1), 122.0 (0), 113.4 (1), 56.4 

(3) ppm; CSP HPLC (Chiracel AD, 2-propanol/hexane 1:99, flow 0.5 mL/min, λ= 254 nm): 

tR = 13.8 min (major) and 18.6 min (minor). MS (EI+) m/z 360 (M
+
); HRMS (EI+) m/z 

360.1524 (calcd. for C27H20O: 360.1514). 
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2-Methyl-2’-phenyl-1,1’-binaphthyl (54f, Table 13): 1-Bromo-2-methylnaphthalene (52d, 

22 mg, 0.100 mmol) and 2-phenyl-1-naphthylboronic acid (53a, 37 mg, 0.149 mmol) were 

coupled according to the typical procedure given above using (+)-28 as ligand to yield the 

title biaryl (+)-54f (14.7 mg, 0.043 mmol, 43%, 25% ee) as a colorless oil. [α]D
20 

+41.1 (c 

1.23, CHCl3); IR (neat) 3054, 2920, 1594, 1507, 1494, 1029, 908, 824, 812, 763, 733 cm
–1

; 

1
H NMR (400 MHz, CDCl3) δ 8.04 (1H, d, J = 8.5 Hz), 7.98 (1H, d, J = 8.1 Hz), 7.84 (1H, d, 

J = 8.2 Hz), 7.76 (1H, d, J = 8.4 Hz), 7.69 (1H, d, J = 8.5 Hz), 7.48 (1H, t, J = 7.8 Hz), 7.38 

(1H, dt, J = 8.4, 4.0 Hz), 7.29 (1H, d, J = 8.3 Hz), 7.27-7.23 (3H, m), 7.15 (1H, d, J = 8.5 Hz), 

7.10-7.00 (5H, m), 1.94 (3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 141.9 (0), 139.5 (0), 

134.9 (0), 134.8 (0), 134.7 (0), 134.2 (0), 133.0 (0), 132.9 (0), 131.8 (0), 129.0 (2C, 1), 128.7 

(1), 128.6 (1), 128.17 (1), 128.13 (1), 128.08 (1), 127.7 (1), 127.6 (2C, 1), 127.4 (0), 126.9 

(1), 126.6 (2C, 1), 126.2 (1), 126.0 (1), 124.8 (1), 20.6 (3) ppm; CSP HPLC (Chiracel OD-H, 

2-propanol/hexane 0.5:99.5, flow 0.2 mL/min, λ= 254 nm): tR = 26.3 min (minor) and 29.3 

min (major). The IR, 
1
H NMR and 

13
C NMR were in agreement with previously reported 

data.
62
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4.2 Experimental details for results presented in part II 

Synthesis of Carbenoid Precursors (Scheme 5) 

 

Benzyl phenyl sulfide (90a, Scheme 5): A 25 mL RB flask with a stir bar was charged with 

potassium carbonate (0.76 g, 5.5 mmol), benzyl bromide (0.60 mL, d = 1.438, 0.86 g, 5.0 

mmol), and DMF (5 mL). The RB flask was flushed with Ar for 5 min, then thiophenyl 101 

(0.55g, 5.0 mmol) was added dropwisely. The suspension was stirred at rt for 8 hours. The 

mixture was partitioned between deionized water (10 mL) and EtOAc (20 mL). The organic 

layer was separated and dried over Na2SO4, filtered and concentrated in vacuo. The crude 

residue was further purified by column chromatography (SiO2, eluting with 3%-5% EtOAc in 

hexanes) to yield the title compound 90a (0.97 g, 4.8 mmol, 96%) as a white solid. 
1
H NMR 

(400 MHz, CDCl3) δ 7.35-7.18 (10H, m), 4.14 (2H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 

137.6 (0), 136.5 (0), 130.0 (2C, 1), 128.99 (2C, 1), 128.98 (2C, 1), 128.6 (2C, 1), 127.3 (1), 

126.5 (1), 39.2 (2) ppm; The 
1
H and 

13
C NMR were in agreement with previously reported 

data.
63

 

 

 

Benzyl 2-pyridyl sulfide (90b, Scheme 5): A 50 mL RB flask with a stir bar was charged 

with 2-mercaptopyridine 102 (0.400 g, 3.60 mmol), benzyl bromide (0.43 mL, d = 1.438, 

0.62 g, 3.6 mmol), NEt3 (0.55 mL, d = 0.73, 0.40 g, 4.0 mmol) and CH3CN (5 mL). The 
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mixture was stirred at rt for 19 hours. The mixture was suspended in hexanes/Et2O (1:1, 30 

mL). The organic layer was transferred to a separate funnel. The solid liquid extraction was 

repeated thrice. Combined organic layer was washed with sat. NaHCO3 (30 mL), deionized 

water (30 mL) and brine (30 mL), dried over Na2SO4, filtered and concentrated in vacuo. The 

crude residue was further purified by column chromatography (SiO2, eluting with 33%-50% 

CH2Cl2 in hexanes) to yield the title compound 90b (0.544 g, 2.70 mmol, 75%) as a colorless 

oil. IR (neat) 3062, 3029, 2995, 2926, 1578, 1556, 1495, 1453, 1123, 757, 724, 699 cm
–1

; 
1
H 

NMR (400 MHz, CDCl3) δ 8.47 (1H, d, J = 4.1 Hz), 7.50-7.40 (3H, m), 7.35-7.23 (3H, m), 

7.17 (1H, d, J = 8.0 Hz), 6.99 (1H, ddd, J = 7.2, 5.0, 0.8 Hz), 4.46 (2H, s) ppm; 
13

C NMR 

(100 MHz, CDCl3) δ 159.0 (0), 149.6 (1), 138.1 (0), 136.1 (1), 129.1 (2C, 1), 128.6 (2C, 1), 

127.2 (1), 122.2 (1), 119.7 (1), 34.6 (2) ppm; The 
1
H and 

13
C NMR spectral data were in 

agreement with previously reported data.
64

 

 

 

N,N-Diisopropylcarbamoyl chloride (S2): A cooled (0 ºC) solution of diisopropylamine 

(2.92 mL, d = 0.717, 2.09 g, 20.7 mmol) in CH2Cl2 (44 mL) was added via cannula during 20 

min to a stirred suspension of triphosgene S1 (2.05 g, 6.91 mmol) and NaHCO3 (1.92 g, 22.9 

mmol) in CH2Cl2 (12 mL, in a 250 mL RB flask) at 0 ºC under Ar. The resulting mixture was 

allowed to warm to rt and stirred for 22 h. After this time the mixture was filtered to remove 

inorganic solids and concentrated in vacuo to yield crude N,N-diisopropylcarbamoyl chloride 

S2 (2.90 g, 17.7 mmol, 86%) as a colorless solid. This crude product was used in the next 

step without further purification. 

O-Benzyl-N,N-diisopropylcarbamate (90c, Scheme 5): A stirred solution of the crude 
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carbamoyl chloride S1 (2.90 g, 17.7 mmol) in CH2Cl2 (37 mL) at rt under Ar was treated 

with benzyl alcohol 103 (1.93 mL, d = 1.045, 2.02 g, 18.7 mmol) followed by triethylamine 

(2.72 mL, d = 0.726, 1.97 g, 19.6 mmol). The resulting mixture was heated to reflux and 

stirred for 18 h. After this time, the mixture was cooled to rt and the solvent removed in 

vacuo. The residue was purified by column chromatography (SiO2, eluting with 5-7% EtOAc 

in hexanes) to afford the title carbamate 90c (0.947 g, 4.02 mmol, 19%, 2 steps) as a 

colorless oil. IR (neat) 2970, 1693, 1440, 1369, 1306, 1216, 1059, 770, 697 cm
–1

; 
1
H NMR 

(400 MHz, CDCl3) δ 7.38-7.30 (5H, m), 5.14 (2H, s), 4.12-3.76 (2H, br m), 1.21 (12H, d, J = 

6.8 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 155.7 (0), 137.3 (0), 128.6 (2C, 1), 128.1 (2C, 

1), 127.9 (1), 66.7 (2), 45.9 (2C, 1, br s), 21.2 (4C, 3, br s) ppm; The 
1
H and 

13
C NMR 

spectral data were in agreement with previously reported data.
65 

 

 

Benzyl 2,4,6-triisopropylbenzoate (90d, Scheme 5): To a stirred solution of 

2,4,6-triisopropylbenzoic acid 105 (2.48 g, 10.0 mmol) in THF (20 mL) was added K2CO3 

(2.07 g, 15.0 mmol) followed by benzyl bromide (1.78 mL, d = 1.438, 2.56 g, 15.0 mmol). 

The resulting suspension was stirred at rt for 48 hours and then it was partitioned between 

EtOAc (15 mL) and H2O (10 mL). The layers were separated and the aqueous phase was 

extracted with EtOAc (2 x 15 mL). The combined organic phases were dried (Na2SO4) and 

concentrated in vacuo. The residue was purified by column chromatography (SiO2, eluting 

with 2%-3% EtOAc in hexanes) to yield title ester 90d (3.12 g, 9.22 mmol, 92%) as a 

colorless oil. IR (neat) 2962, 1728, 1607, 1461, 1250, 1067, 877, 698 cm
–1

; 
1
H NMR (400 

MHz, CDCl3) δ 7.44 (2H, br d, J = 6.5 Hz), 7.40-7.32 (3H, m), 6.99 (2H, s), 5.35 (2H, s), 
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2.88 (1H, septet, J = 6.9 Hz), 2.81 (2H, septet, J = 6.8 Hz),1.23 (6H, d, J = 6.9 Hz), 1.19 

(12H, d, J = 6.8 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 170.8 (0), 150.4 (0), 145.1 (2C, 0), 

135.8 (0), 130.4 (0), 129.0 (2C, 1), 128.7 (2C, 1), 128.5 (1), 121.0 (2C, 1), 67.0 (2), 34.6 (1), 

31.6 (2C, 3), 24.3 (4C, 3), 24.1 (2C, 3) ppm; The IR and 
1
H NMR are in agreement with 

previously reported data.
66

 

 

Ligand Mediated i-StReCH to Enantiornriched 2º Alcohol (Table 19-21) 

 

Typical Procedure: (–)-(S)-1,3-Diphenyl-propan-1-ol (106a, Table 20): A stirred solution 

of O-benzyl-N,N-diisopropylcarbamate 90c (X = OCb, 26 mg, 0.110 mmol) and 

(S,S)-bisoxazoline ligand 91b (R
1
/R

2
 = i-Pr/Et, 37 mg, 0.126 mmol) in anhydrous toluene 

(0.8 mL) at -78 ºC under Ar was treated with s-BuLi (0.10 mL, 1.20 M in cyclohexane, 0.12 

mmol). After stirring at -78 ºC for 2.5 h, a solution of neopentyl glycol boronate 97b (22 mg, 

0.101 mmol) in anhydrous toluene (0.2 mL) was added dropwise during 3 min. The resulting 

mixture was stirred at -78 ºC for 1 h and then a freshly prepared ethereal solution of 

MgBr2·OEt2 (0.30 mmol in 1.0 mL Et2O, see below*) was added dropwise during 3 min. 

The reaction mixture was allowed to stir for a further 30 min at -78 ºC, allowed to warm to rt 

during 3 h, and then stirred for 16 h at rt. After this time, the reaction mixture was cooled to 0 

ºC and treated with 10 wt% aq. NaOH (0.2 mL) followed by 30 wt% aq. H2O2 (0.08 mL). 

The biphasic mixture was then allowed to warm to rt and stirred vigorously for 2 h. EtOAc (5 

mL) and H2O (3 mL) were added and the layers shaken and separated. The aqueous phase 

was extracted with EtOAc (3x5 mL) and the combind organic phases washed with brine (5 
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mL), dried (Na2SO4), and concentrated in vacuo. The residue was purified by column 

chromatography (SiO2, eluting with 6-12% EtOAc in hexanes) to afford the title carbinol 

106a (13 mg, 0.061 mmol, 61%, 83% ee) as a colorless oil. [α]D
20 

-22.9 (c 1.30, CHCl3); IR 

(neat) 3370, 3027, 2924, 1603, 1495, 1454, 1059, 1029, 914 cm
–1

; 
1
H NMR (400 MHz, 

CDCl3) δ 7.37-7.35 (4H, m), 7.31-7.26 (3H, m), 7.22-7.18 (3H, m), 4.70 (1H, t, J = 6.0 Hz), 

2.77 (1H, ddd, J = 14.0, 9.8, 5.9 Hz), 2.68 (1H, ddd, J = 13.9, 9.3, 6.6 Hz), 2.20-1.99 (2H, m), 

1.87 (1H, br s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 144.7 (0), 142.0 (0), 128.7 (2C, 1), 

128.62 (2C, 1), 128.57 (2C, 1), 127.8 (1), 126.1 (2C, 1), 126.0 (1), 74.1 (1), 40.6 (2), 32.2 (2) 

ppm; CSP HPLC (Chiracel OD, 2-propanol/hexane 5:95, flow 1.0 mL/min, λ= 210 nm): tR = 

20.6 min (major) and 25.4 min (minor); The 
1
H and 

13
C NMR spectral data were in 

agreement with previously reported data.
67

 

*Preparation of ethereal solution of MgBr2·OEt2: A stirred suspension of Mg ribbon (12 mg, 

0.50 mmol) in anhydrous Et2O (1 mL) in a 4 mL vial under Ar, was treated with 

1,2-dibromoethane (26 μL, d = 2.18, 56 mg, 0.30 mmol). The resulting mixture was stirred at 

rt for 4 h and then added to the i-StReCH reaction as described above. 

 

(–)-(S)-1-Phenylpentan-1-ol (106c, Table 21): Prepared from carbamate 90c 

(X = OCb, 26 mg, 0.110 mmol), (S,S)-bisoxazoline ligand 91b (R
1
/R

2
 = 

i-Pr/Et, 37 mg, 0.126 mmol), and 2-butyl-5,5-dimethyl-1,3,2-dioxaborinane 

(pre-11, 17.0 mg, 0.100 mmol) according to the typical procedure shown 

above which yielded the title carbinol 106c (6.1 mg, 0.037 mmol, 37%, 75% ee) as a 

colorless oil. [α]D
20 

-8.8 (c 0.16, CHCl3); IR (neat) 3415, 2958, 2925, 1661, 1456, 1378, 1278, 

1136 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.36-7.34 (4H, m), 7.30-7.26 (3H, m), 4.66 (1H, 

dd, J = 7.2, 6.0 Hz), 1.86-1.67 (3H, m), 1.45-1.22 (4H, m), 0.89 (3H, t, J = 7.0 Hz) ppm; 
13

C 

NMR (100 MHz, CDCl3) δ 145.1 (0), 128.6 (2C, 1), 127.7 (1), 126.1 (2C, 1), 74.9 (1), 39.0 

(2), 28.2 (2), 22.8(2), 14.2 (3) ppm; CSP HPLC (Chiracel OD, 2-propanol/hexane 0.5:99.5, 
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flow 1.0 mL/min, λ= 210 nm): tR = 22.8 min (minor) and 29.6 min (major); The 
1
H and 

13
C 

NMR are in agreement with previously reported data.
68

 

 

(–)-(S)-1-Phenyl-3-methyl-butan-1-ol (106d, Table 21): Prepared from 

carbamate 90c (X = OCb, 26 mg, 0.110 mmol), (S,S)-bisoxazoline ligand 91b 

(R
1
/R

2
 = i-Pr/Et, 37 mg, 0.126 mmol), and 2-isobutyl-5,5-dimethyl- 

1,3,2-dioxaborinane (17.0 mg, 0.100 mmol) according to the typical procedure 

shown above which yielded the title carbinol 106d (9.1 mg, 0.055 mmol, 55%, 84% ee) as a 

waxy colorless solid. [α]D
20 

-36.0 (c 0.89, CHCl3); IR (neat) 3361, 3030,2956, 2926, 2869, 

1659, 1494, 1467, 1454, 1385, 1367, 1201, 1128, 1057, 912, 755, 699 cm
–1

; 
1
H NMR (400 

MHz, CDCl3) δ 7.38-7.24 (5H, m), 4.80-4.71 (1H, m), 1.82-1.65 (3H, m), 1.56-1.46 (1H, m), 

0.96 (3H, d, J = 6.4Hz), 0.95 (3H, d, J = 6.4Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 145.4 

(0), 128.7 (2C, 1), 127.7 (1), 126.0 (2C, 1), 73.0 (1), 48.6 (2), 25.0 (1), 23.3 (3), 22.4 (3) ppm; 

CSP HPLC (Chiracel OD-H, 2-propanol/hexane 1:99, flow 0.5 mL/min, λ= 210 nm): tR = 

28.81 min (minor) and 30.96 min (major); The 
1
H and 

13
C NMR spectral data are in 

agreement with previously reported data.
69

 

 

(–)-(S)-1-Cyclohexyl(phenyl)methanol (106e, Table 21): Prepared from 

carbamate 90c (X = OCb, 26 mg, 0.110 mmol), (S,S)-bisoxazoline ligand 91b 

(R
1
/R

2
 = i-Pr/Et, 37 mg, 0.126 mmol), and 2-cyclohexyl-5,5-dimethyl- 

1,3,2-dioxaborinane (20.0 mg, 0.102 mmol)S4 according to the typical 

procedure shown above which yielded the title carbinol 13 (9.6 mg, 0.050 mmol, 

50%, 82% ee) as a white solid. [α]D
20 

-26.9 (c 0.95, CHCl3); IR (neat) 3416, 3028, 2917, 

1493, 1450, 1324, 1011 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.36-7.20 (5H, m), 4.37 (1H, d, 

J = 7.2 Hz), 1.99 (1H, dm, J = 12.7 Hz), 1.81-1.73 (2H, m), 1.70-1.57 (2H, m), 1.37 (1H, dm, 

J = 12.8 Hz), 1.28-0.82 (6H, m) ppm; 
13

C NMR (100 MHz, CDCl3) δ 143.8 (0), 128.4 (2C, 
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1), 127.6 (1), 126.8 (2C, 1), 79.6 (1), 45.1 (1), 29.5 (2), 29.0 (2) , 26.6 (2) , 26.3 (2) , 26.2 (2) 

ppm; CSP HPLC (Chiracel AS-H, 2-propanol/hexane 1:99, flow 1.0 mL/min, λ= 210 nm): tR 

= 8.4 min (minor) and 10.3 min (major); The 
1
H and 

13
C NMR spectral data are in agreement 

with previously reported data.
70

 

 

(1S,2R)-2-Methyl-1-phenylbutan-1-ol (syn-106f) and 

(1S,2S)-2-methyl-1-phenyl- butan-1-ol (anti-106f) (Table 21): 

Prepared from carbamate 90c (X = OCb, 26 mg, 0.110 mmol), 

(S,S)-bisoxazoline ligand 91b (R
1
/R

2
 = i-Pr/Et, 37 mg, 0.126 

mmol), (±)-2-sec-butyl-5,5-dimethyl-1,3,2-dioxa-borinane (17.0 mg, 0.100 mmol) according 

to the typical procedure shown above which yielded a mixture of the title carbinols syn-106f 

and anti-106f (5.7 mg, 0.035 mmol, 35%, 96% ee (anti), 82% ee (syn); syn:anti = 51:49 as 

adjudged by 
1
H NMR spectral analysis prior to chromatographic purification) as a colorless 

oil: IR (neat) 3401, 2961, 2927, 1493, 1454, 1379, 1276, 1038 cm
-1

; 
1
H NMR (400 MHz, 

CDCl3) δ 7.40-7.20 (5H
both

, m), 4.54 (1H
syn

, d, J = 5.6 Hz), 4.45 (1H
anti

, d, J = 6.9 Hz), 

1.81-1.65 (2H
both

, m), 1.45-1.05 (2H
both

, m), 0.96-0.87 (6H
both

 + 3H
syn

, m), 0.75 (3H
anti

, d, J = 

6.8 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ = 144.1
syn

 (0), 143.8
anti

 (0), 128.4
both

 (2C, 1), 

127.6
anti

 (1), 127.4
syn

 (1), 126.9
anti

 (2C, 1), 126.6
syn

 (2C, 1), 79.0
anti

 (1), 78.3
syn

 (1), 42.2
syn

 (1), 

41.9
anti

 (1), 26.1
syn

 (2), 25.1
anti

 (2), 15.3
anti

 (3), 14.2
syn

 (3), 11.9
syn

 (3), 11.5
anti

 (3) ppm. CSP 

HPLC (Chiracel OD-H, 2-propanol/hexane 0.2:99.8, flow 1.0 mL/min, λ= 210 nm): tR = 91.4 

min (syn, minor), 97.8 min (anti, major), 105.5 min (syn, major), 124.3 min (anti, minor); 

The 
1
H NMR is in agreement with previously reported data. 

1
H and 

13
C NMR spectral data 

were in agreement with those previously reported for individual diastereoisomers.
71
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1,1-Diphenyl-methanol (106g, Table 21): Prepared from carbamate 90c (X = 

OCb, 26 mg, 0.110 mmol), (S,S)-bisoxazoline ligand 91b (R
1
/R

2
 = i-Pr/Et, 37 

mg, 0.126 mmol), and 2-phenyl-5,5-dimethyl-1,3,2-dioxaborinane (19.0 mg, 

0.10 mmol) according to the typical procedure shown above which yielded the 

title carbinols 106g (12.3 mg, 0.067 mmol, 67%) as a white solid. IR (neat) 

3270, 3063, 3028, 2961, 2924, 1597, 1493, 1455, 1447, 1316, 1277, 1199, 1184, 1033, 762 

cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.42-7.26 (10H, m), 5.85 (1H, s), 2.31 (1H, br s) ppm; 

13
C NMR (100 MHz, CDCl3) δ 144.0 (2C, 0), 128.7 (4C, 1), 127.8 (2C, 1), 126.7 (4C, 1), 

76.4 (1) ppm; The 
1
H and 

13
C NMR spectral data were in agreement with previously reported 

data.
72

 

 

(+)-(R)-(2-Methoxyphenyl)phenylmethanol (106h, Table 21): Prepared from 

carbamate 90c (X = OCb, 26 mg, 0.110 mmol), (S,S)-bisoxazoline ligand 91b 

(R
1
/R

2
 = i-Pr/Et, 37 mg, 0.126 mmol), and 2-(2-methoxyphenyl)-5,5-dimethyl- 

1,3,2-dioxaborinane (22.0 mg, 0.100 mmol) according to the typical procedure 

shown above which yielded the title carbinol 106h (14.3 mg, 0.067 mmol, 67%, 

70% ee) as a pale yellow solid. [α]D
20 

+22.8 (c 1.27, CHCl3); IR (neat) 3401, 3030, 2924, 

1601, 1490, 1463, 1243, 1027, 858, 754 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.40 (2H, dm, J 

= 7.4 Hz), 7.33 (2H, tm, J = 7.8 Hz), 7.29-7.23 (3H, m), 6.95 (1H, tm, J = 7.4 Hz), 6.90 (1H, 

d, J = 8.3 Hz), 6.07 (1H, s), 3.82 (3H, s), 3.04 (1H, br s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 

156.9 (0), 143.4 (0), 132.1 (0), 128.9 (1), 128.3 (2C, 1), 128.0 (1), 127.3 (1), 126.7 (2C, 1), 

121.0 (1), 110.9 (1), 72.5 (1), 55.6 (3) ppm; CSP HPLC (Chiracel OJ, 2-propanol/hexane 

10:90, flow 1.0 mL/min, λ= 210 nm): tR = 19.5 min (major) and 23.8 min (minor); The 
1
H 

and 
13

C NMR spectral data were in agreement with previously reported data.
73 
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(–)-(R)-[3,5-Bis(trifluoromethyl)phenyl]phenylmethanol (106i, Table 21): 

Prepared from carbamate 90c (X = OCb, 26 mg, 0.110 mmol), 

(S,S)-bisoxazoline ligand 91b (R
1
/R

2
 = i-Pr/Et, 37 mg, 0.126 mmol), and 

2-[3,5-bis-(trifluoromethyl)- phenyl]-5,5-dimethyl-1,3,2-dioxaborinane (24.0 

mg, 0.074 mmol) according to the typical procedure shown above which 

yielded the title carbinol 106i (8.0 mg, 0.025 mmol, 34%, 81% ee) as a white solid. [α]D
20 

-38.6 (c 0.80, CHCl3); [α]D
20 

-27.8 (c 0.45, MeOH); IR (neat) 3325, 3069, 2924, 1625, 1379, 

1172, 1127, 901 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.87 (2H, s), 7.78 (1H, s), 7.42-7.33 

(5H, m), 5.94 (1H, s), 2.44 (1H, br s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 146.3 (0), 142.6 

(0), 131.9 (2C, 0, q, J
2

CF = 33 Hz), 129.3 (2C, 1), 128.9 (1), 127.0 (2C, 1), 126.7 (2C, 1, q, 

J
3

CF = 3.8 Hz), 123.6 (2C, 0, q, J
1
CF = 272 Hz), 121.6 (1, septet, J

3
CF = 3.7 Hz), 75.5 (1) ppm; 

CSP HPLC (Chiracel OD, 2-propanol/hexane 0.5:99.5, flow 1.0 mL/min, λ= 210 nm): tR = 

56.1 min (minor) and 62.5 min (major); The 
1
H and 

13
C NMR spectral data were in 

agreement with previously reported data.
74

 

 

(–)-(R)-(2-naphthyl)phenylmethanol (106j, Table 21): Prepared from 

carbamate 90c (X = OCb, 26 mg, 0.110 mmol), (S,S)-bisoxazoline ligand 91b 

(R
1
/R

2
 = i-Pr/Et, 37 mg, 0.126 mmol), and 2-(2-naphthyl)-5,5-dimethyl- 

1,3,2-dioxaborinane (24.0 mg, 0.100 mmol) according to the typical 

procedure shown above which yielded the title carbinol 106j (14.5 mg, 0.062 

mmol, 62%, 79% ee) as a white solid. [α]D
20 

-9.3 (c 0.43, CHCl3); IR (neat) 3370, 3028, 2924, 

1601, 1453, 1364, 1164, 1022, 813 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.91 (1H, s), 

7.86-7.78 (3H, m), 7.50-7.46 (3H, m), 7.45-7.41 (2H, m), 7.35 (2H, tm, J = 7.7 Hz), 7.28 (1H, 

dm, J = 7.2 Hz), 6.02 (1H, s), 1.70 (1H, br s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 143.8 (0), 

141.3 (0), 133.4 (0), 133.1 (0), 128.8 (2C, 1), 128.5 (1), 128.3 (1), 127.88 (1), 127.86(1),  

126.9 (2C, 1), 126.4 (1), 126.2(1), 125.2 (1), 124.9 (1), 76.6 (1) ppm; CSP HPLC (Chiracel 

OD, 2-propanol/ hexane 5:95, flow 1.0 mL/min, λ= 210 nm): tR = 32.0 min (minor) and 40.4 
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min (major); The 
1
H and 

13
C NMR spectral data were in agreement with previously reported 

data.
73 

 

(R)-(+)-1-naphthyl(phenyl)methanol (106k, Table 21): Prepared from 

carbamate 90c (X = OCb, 26 mg, 0.110 mmol), (S,S)-bisoxazoline ligand 91b 

(R
1
/R

2
 = i-Pr/Et, 37 mg, 0.126 mmol), and 2-(1-naphthyl)-5,5-dimethyl- 

1,3,2-dioxaborinane (24.0 mg, 0.100 mmol) according to the typical procedure 

shown above which yielded the title carbinol 106k (17.0 mg, 0.073 mmol, 73%, 74% ee) as a 

light yellow solid. [α]D
20 

+33.3 (c 1.70, CHCl3); IR (neat) 3351, 3059, 2923, 1598, 1494, 

1452, 1395, 1259, 1164 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 8.05 (1H, dm, J = 8.8 Hz), 7.88 

(1H, dm, J = 7.1 Hz), 7.83 (1H, d, J = 8.2 Hz), 7.65 (1H, d, J = 7.1 Hz),7.52-7.40 (5H, m), 

7.34 (2H, tm, J = 7.6 Hz), 7.29 (1H, dm, J = 7.1 Hz), 6.54 (1H, s), 2.30 (1H, br s) ppm; 
13

C 

NMR (100 MHz, CDCl3) δ 143.3 (0), 139.0 (0), 134.1 (0), 130.9 (0), 128.9 (1), 128.71 (2C, 

1), 128.67 (1), 127.9 (1), 127.2 (2C, 1), 126.3 (1), 125.8 (1), 125.5 (1), 124.8 (1), 124.2 (1), 

73.8 (1) ppm; CSP HPLC (Chiracel OJ, 2-propanol/hexane 20:80, flow 1.0 mL/min, λ= 210 

nm): tR = 16.8 min (minor) and 23.7 min (major); The 
1
H and 

13
C NMR spectral data were in 

agreement with previously reported data.
73 

 

Synthesis of Fluorocarbenoid Precursors (Scheme 8) 

 

Fluoromethyl 2,4,6-triisopropylbenzoate (122, Scheme 8): CH2BrF (0.85g, 7.5 mmol) was 

condensed in a 30 mL seal tube with a stir bar at -78°C. Then 2,4,6-triisopropylbenzoic acid 
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(1.24g, 5.0 mmol) and K2CO3 (1.04g, 7.5 mmol) were added at once, followed by THF (10 

mL). The mixture was stirred at 0°C for 1 hour and then warmed up to rt and stirred for 48 

hours. DI water (10 mL) and EtOAc (15 mL) was added. The aqueous layer was separated 

and extracted with EtOAc (15 mL x 2). Combined organic layer was dried over Na2SO4, 

filtered and concentrated in vacuo. The crude residue was further purified by column 

chromatography (eluting with 5%-6% EtOAc in hexanes) to yield the title compound (0.95 g, 

3.4 mmol, 68%) as a white solid. 
1
H NMR (400 MHz, CDCl3) δ 7.04 (2H, s), 5.91 (2H, d, J = 

50.5 Hz), 2.95-2.84 (3H, m), 1.25 (18H, d, J = 6.7 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 

169.1 (0), 151.2 (0), 145.3 (2C, 0), 128.8 (0), 121.2 (2C, 1), 93.7 (2, d, J = 220 Hz), 34.6 (1), 

31.6 (2C, 1), 24.3 (4C, 3), 24.1 (2C, 3) ppm; 
19

F NMR (400 MHz, CDCl3) δ -158.4 (s); 

HRMS (ES) m/z 281.1940 (calcd for C17H26FO2 (M+H): 281.1917).
 

 

 

Fluoromethyl 4-tolylsulfonate (124, Scheme 8):
75

 To a 100 mL RBF with a stir bar was 

added Ag2O (5.2 g, 22.5 mmol) and acetonitrile (15 mL). The suspension was stirred 

vigorously for 5 min. Then 4-toluenesulfonic acid monohydrate (2.85 g, 15 mmol) was added 

in one portion. The suspension was stirred for 1 hour and the solid was removed by 

vaccum-filtration through a piece of filter paper. The filter cake was washed with acetonitrile 

(10 mL x 2). Combined filtrate (a solution of TsOAg in acetonitrile) was transferred to a 100 

mL RBF and CH2BrF (1.69 g, 15 mmol) was added. The solution was stireed at 70 °C for 1 

hour. Solid was removed by vaccum-filtration through a piece of filter paper. The filter cake 

was washed with Et2O (5 mL x 3). Filtrate was filtered again through a short plug of silica 

gel to get rid of inorganic salt and concentrated in vacuo to give the title compound (0.80 g, 

4.0 mmol, 27%) as a pale yellow oil. 
1
H NMR (400 MHz, CDCl3) δ 7.83 (2H, d, J = 8.3 Hz), 
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7.36 (2H, d, J = 8.3 Hz), 5.73 (2H, d, J = 51 Hz), 2.46 (3H, s) ppm; 
13

C NMR (100 MHz, 

CDCl3) δ 145.8 (0), 134.0 (1), 130.1 (2C, 1), 128.1 (2C, 1), 98.3 (2, d, J = 230 Hz), 21.9 (3) 

ppm; 
19

F NMR (400 MHz, CDCl3) δ -153.2 (s); The 
1
H and 

13
C NMR were in agreement 

with previously reported data.
76 

 

Characterization of side product α-oxyboronate 132 (Table 23) 

 

(±)-3-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl2,4,6-triisopropyl 

benzoate (132, table 23, entry 1): A stirred solution of ester 122 (28.0 mg, 0.10 mmol), 

TMEDA (0.018 mL, d = 0.77, 14 mg, 0.12 mmol), and boronate 97a (26.6mg, 0.11mmol) in 

anhydrous THF (0.5 mL) at -78 °C under Ar was treated dropwise with LDA (0.15 mL, 0.79 

M in THF-hexanes, 0.12 mmol) during 2 min. After stirring at -78 °C for 1 h, the resulting 

solution was allowed to slowly warm to rt over 2 h and stirred at rt for 16 h. After this time, 

the solution was concentrated in vacuo. The residue was purified by column chromatography 

(SiO2, eluting with 2-3% EtOAc in hexanes) to afford the title α-oxyboronate 132 (13 mg, 

0.026 mmol, 26%) as a colorless oil. 
1
H NMR (400 MHz, CDCl3) δ 7.30-7.23 (2H, m), 

7.20-7.15 (3H, m), 7.02 (2H, s), 4.20 (1H, dd, J = 9.3, 4.7 Hz), 3.07 (2H, sept, J = 6.8 Hz), 

2.95-2.80 (2H, m), 2.75-2.65 (1H, m), 2.17-1.97 (2H, m), 1.28 (12H, d, J = 7.0 Hz), 1.26 

(12H, d, J = 6.8 Hz), 1.25 (6H, d, J = 6.9 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 172.5 (0), 

150.3 (0), 145.5 (2C, 0), 141.9 (0), 130.1 (0), 128.7 (2C, 1), 128.6 (2C, 1), 126.1 (1C, 1),  

121.0 (2C, 1), 84.0 (2C, 0), 34.6 (1), 33.3 (2), 32.3 (2), 31.1 (2C, 1), 25.1 (2C, 3), 24.9 (2C, 
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3), 24.5 (4C, 3), 24.2 (2C, 3) ppm; MS(ES) 493.4 (M+H)
+ 

;HRMS (ES) m/z 493.3472 (calcd 

for C31H46BO4 (M+H): 493.3489).
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4.4 Experimental details for results presented in part III 

Synthesis of Lithium Carbenoid Precursors 194 (Table 25) 

 

Representative procedure.
23c 

(S)-N,N-Diisopropyl O-[1-(4-chlorophenyl)]ethyl 

carbamate [(S)-194b]: [Noyori Reduction] Formic acid (2.26 mL, d = 1.22, 2.76 g, 60.0 

mmol) was added dropwise to neat Et3N (3.33 mL, d = 0.726, 2.42 g, 24.0 mmol) at 0 °C. 

The mixture was allowed to warm to rt and then treated with (S,S)-Noyori catalyst [(S,S)-192, 

32 mg, 0.050 mmol, 0.5 mol%)
77

 and the reaction vessel flushed with Ar. Neat 4’-chloro- 

acetophenone (1.54 g, 10.0 mmol) was then added and the reaction mixture was stirred at rt 

for 120 h. After this time, the mixture was partitioned between EtOAc (10 mL) and sat. aq. 

NaHCO3 (10 mL) and the aqueous phase extracted with EtOAc (2x10 mL). The combined 

organic phases were dried (Na2SO4) and concentrated in vacuo. The residue was purified by 

column chromatography (SiO2, eluting with 5-15% EtOAc in hexanes) to afford 

(S)-1-(4-chlorophenyl)ethanol [(S)-193b, 1.33 g, 8.49 mmol, 85%, 94% ee] as a white waxy 

solid. [α]D
20

 –46.0 (c 3.24, CHCl3) [lit.
78

 [α]D
20

 –44.2 (c 1.80, CHCl3)]; IR (neat) 3347, 2975, 

2929, 2887, 1598, 1494, 1452, 1407, 1371, 1339, 1295, 1274, 1202, 1113, 1089, 1014, 898, 

829, 779 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.33-7.28 (4H, m), 4.87 (1H, q, J = 6.4 Hz), 

1.96 (1H, br s), 1.46 (3H, d, J = 6.5 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 144.4 (0), 

133.1 (0), 128.7 (2C, 1), 126.9 (2C, 1), 69.8 (1), 25.4 (3) ppm; CSP HPLC (Chiracel OD-H, 

2-propanol/hexane 3:97, flow 1 mL/min, λ= 210 nm): t = 10.7 min [major, (S)-193b] and 

11.8 min [minor, (R)-193b]. 
1
H and 

13
C NMR spectral data were in agreement with those 

previously reported.
23c
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[Acylation] A 50 mL RB flask provided with a magnetic stir bar was charged with 

(S)-1-(4-chlorophenyl)ethanol [(S)-193b, 1.30 g, 8.30 mmol] and diisopropylcarbamyl 

chloride (1.63 g, 9.96 mmol). The vessel sealed with a septum and flushed with Ar then 

CH2Cl2 (15 mL) and Et3N (1.4 mL, d = 0.726, 1.016 g, 10.0 mmol) were added. The resulting 

mixture was stirred at a gentle reflux for 94 h. After cooling to rt, the mixture was partitioned 

between EtOAc (10 mL) and sat. aq. NaHCO3 (10 mL) and the aqueous phase extracted with 

EtOAc (2x10 mL). The combined organic phases were dried (Na2SO4) and concentrated in 

vacuo. The residue was purified by column chromatography (SiO2, eluting with 5% EtOAc in 

hexanes) to afford the title carbamate [(S)-194b, 1.31 g, 4.62 mmol, 56%, 94% ee] as a 

colorless waxy solid. IR (neat) 2973, 2934, 1692, 1495, 1476, 1463, 1439, 1377, 1369, 1346, 

1327, 1309, 1287, 1220, 1158, 1134, 1090, 1069, 1047, 1015, 827, 770 cm
–1

; 
1
H NMR (400 

MHz, CDCl3) δ 7.33-7.25 (4H, m), 5.80 (1H, q, J = 6.6 Hz), 4.25-3.60 (2H, m), 1.52 (3H, d, 

J = 6.6 Hz), 1.24-1.16 (12H, m) ppm; 
13

C NMR (100 MHz, CDCl3) δ 155.0 (0), 141.6 (0), 

133.4 (0), 128.8 (2C,1), 127.6 (2C, 1), 72.2 (1), 46.2 (2C, 1, br), 22.8 (3), 21.2 (4C, 3, br) 

ppm. 
1
H and 

13
C NMR spectral data in agreement with those previously reported.

79
 

 

 (S)-N,N-Diisopropyl O-(1-phenyl)ethyl carbamate [(S)-194a]: 

Acetophenone (1.20 g, 9.99 mmol) was subjected to the above two-step 

procedure [using (S,S)-192] to afford the title carbamate [(S)-194a, 1.77 g, 

7.10 mmol, 71% overall, 97% ee] as a colorless oil. [α]D
20

 –5.9 (c 1.25, 

CHCl3); IR (neat) 2972, 2932, 2874, 1692, 1495, 1476, 1437, 1368, 1333, 

1212, 1190, 1157, 1133, 1067, 1048, 907, 763, 698 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 

7.40-7.25 (5H, m), 5.85 (1H, q, J = 6.6 Hz), 4.25-3.70 (2H, m), 1.55 (1H, d, J = 6.6 Hz), 

1.30-1.10 (12H, m) ppm; 
13

C NMR (100 MHz, CDCl3) δ 155.3 (0), 143.0 (0), 128.6 (2C,1), 

127.6 (1), 126.2 (2C, 1), 72.9 (1), 46.4 (2C, 1, br), 23.0 (3), 21.3 (4C, 3, br) ppm; CSP HPLC 

(Chiracel AD, 2-propanol/hexane 1:99, flow 0.2 mL/min, λ = 210 nm): t = 37.6 min [minor, 

(R)-194a] and 45.6 min [major, (S)-194a]; NMR spectral data in agreement with those 
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previously reported.
80

 (R)-194a was made in the same way [using (R,R)-192] to yield the 

desired compound (69%, 97% ee) as a colorless oil. 

 

 (S)-N,N-Diisopropyl O-[1-(4-methoxyphenyl)]ethyl carbamate 

[(S)-194c]:  4’-Methoxy-acetophenone (1.50 g, 10.0 mmol) was 

subjected to the above two-step procedure [using (S,S)-192] to afford 

the title carbamate [(S)-194c, 1.67 g, 5.98 mmol, 60% overall, 96% ee] 

as a colorless oil. [α]D
20

 –13.2 (c 2.78, CHCl3); IR (neat) 2998, 2973, 

2935, 2876, 2838, 1686, 1615, 1516, 1477, 1464, 1437, 1369, 1332, 1287, 1248, 1218, 1176, 

1158, 1134, 1065, 1047, 1037, 830 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.30 (2H, d, J = 8.6 

Hz), 6.87 (2H, d, J = 8.6 Hz), 5.80 (1H, q, J = 6.5 Hz), 4.20-3.90 (2H, m), 3.79 (3H, s), 1.53 

(3H, d, J = 6.6 Hz), 1.26-1.14 (12H, m) ppm; 
13

C NMR (100 MHz, CDCl3) δ 159.1 (0), 155.3  

(0), 135.1 (0), 127.6 (2C,1), 113.9 (2C, 1), 72.5 (1), 55.4 (3), 46.0 (2C, 1, br), 22.8 (3), 21.2 

(4C, 3, br) ppm. %Ee determined by CSP HPLC analysis of the intermediate 2° alcohol, as 

follows: (Chiracel OD-H, 2-propanol/hexane 3:97, flow rate 1 mL/min, λ= 210 nm): t = 16.6 

min [minor, (R)-isomer] and 18.2 min [major, (S)-isomer]. 
1
H and 

13
C NMR spectral data 

were in agreement with those previously reported.
23c 

 

 (R)-N,N-Diisopropyl O-[1-(2-naphthyl)]ethyl carbamate 

((R)-194d): 2-Acetylnaphthalene (0.85 g, 4.99 mmol) was subjected to 

the above two-step procedure [using (R,R)-192] to afford the title 

carbamate [(R)-194d, 1.01 g, 3.37 mmol, 68% overall, 96% ee] as a 

colorless oil. [α]D
20

 +12.9 (c 1.26, MeOH); IR (neat) 3058, 2973, 2934, 

2875, 1690, 1476, 1462, 1437, 1369, 1341, 1288, 1217, 1191, 1176, 1158, 1130, 1108, 1048, 

909, 858, 819, 770, 748 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.87-7.81 (4H, m), 7.53 (1H, dd, 

J = 8.5, 1.6 Hz), 7.49-7.45 (2H, m), 6.04 (1H, q, J = 6.6 Hz), 4.30-3.60 (2H, m), 1.66 (3H, d, 
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J = 6.6 Hz), 1.32-1.15 (12H, m) ppm; 
13

C NMR δ (100 MHz, CDCl3) 155.2 (0), 140.3 (0), 

133.4 (0), 133.1 (0), 128.4 (1), 128.2 (1), 127.8 (1), 126.2 (1), 126.0 (1), 125.1 (1), 124.5 (1), 

73.0 (1), 45.8 (2C, 1, br), 22.8 (3), 21.2 (4C, 3, br) ppm. %Ee determined by CSP HPLC 

analysis of the intermediate 2° alcohol, as follows: (Chiracel AS-H, 2-prop-anol/hexane 3:97, 

flow rate 1 mL/min, λ= 210 nm): t = 14.4 min [major, (R)-isomer] and 16.9 min [minor, 

(S)-isomer]. NMR spectral data in agreement with those previously reported.
81

 (S)-194d was 

made in the same way [using (S,S)-192] to yield the desired compound (83%, 96% ee) as a 

colorless oil. 

 

 (S)-N,N-Diisopropyl O-[1-(1-naphthyl)]ethylcarbamate [(S)-194e]: 

1-Acetylnaphthalene (3.89 g, 22.9 mmol) was subjected to the above 

two-step procedure [using (S,S)-192] to afford the title carbamate [(S)-194e, 

1.61 g, 5.38 mmol, 44% overall, 96% ee] as a colorless oil. [α]D
20

 +38.8 (c 

2.61, CHCl3); IR (neat) 3051, 2972, 2934, 2875, 1690, 1599, 1512, 1477, 

1463, 1433, 1369, 1340, 1318, 1306, 1293, 1238, 1216, 1191, 1171, 1158, 

1134, 1110, 1091, 1074, 1047, 1025, 905, 799, 777 cm
–1

; 
1
H NMR (700 MHz, CDCl3) 8.14 

(1H, d, J = 8.5 Hz), 7.87 (1H, d, J = 8.1 Hz), 7.79 (1H, d, J = 8.2 Hz), 7.62 (1H, d, J = 7.1 

Hz), 7.53 (1H, ddd, J = 8.3, 6.8, 1.3 Hz), 7.48 (2H, t, J = 7.6 Hz), 6.65 (1H, q, J = 6.6 Hz), 

4.20-3.80 (2H, m), 1.72 (1H, d, J = 6.6 Hz), 1.32-1.20 (12H, m) ppm; 
13

C NMR (100 MHz, 

CDCl3) 155.1 (0), 138.8 (0), 133.9 (0), 130.4 (0), 128.9 (1), 128.2 (1),  126.2 (1), 125.7 (1), 

125.5 (1), 123.6 (1), 123.0 (1), 69.7 (1), 46.5 (1), 45.4 (1), 22.4 (3), 21.7 (2C, 3), 20.8 (2C, 3) 

ppm. %Ee determined by CSP HPLC analysis of the intermediate 2° alcohol, as follows: 

(Chiracel OD-H, 2-propanol/hexane 10:90, flow rate 1 mL/min, λ= 210 nm): t = 9.9 min 

[minor, (R)-isomer] and 15.9 min [major, (S)-isomer]. 
1
H and 

13
C NMR spectral data were in 

agreement with those previously reported.
82 

(R)-194e was made in the same way [using 

(R,R)-192] to yield the desired compound (48%, 96% ee) as a colorless oil. 
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 (R)-N,N-Diisopropyl O-(chroman-4-yl) carbamate [(R)-194f]: 

Chroman-4-one (608 mg, 4.10 mmol) was subjected to the above two-step 

procedure [using (R,R)-192] to afford the title carbamate [(R)-194f, 830 mg, 

2.99 mmol, 73% overall, 99% ee] as a white solid. mp 89.5-91.0 °C 

(hexanes); [α]D
20 

+68.7 (c 1.13, CHCl3); IR (neat) 2971, 2936, 2882, 1688, 

1613, 1586, 1491, 1457, 1437, 1369, 1349, 1333, 1322, 1299, 1287, 1269, 1254, 1224, 1191, 

1157, 1133, 1120, 1062, 1046, 1032, 1021, 961, 899, 758 cm
–1

; 
1
H NMR (400 MHz, CDCl3) 

δ 7.33 (1H, dd, J = 7.7, 1.7 Hz), 7.20 (1H, ddd, J = 8.6, 7.3, 1.7 Hz), 6.90 (1H, td, J = 7.5, 1.2 

Hz), 6.85 (1H, dd, J = 8.2, 1.2 Hz), 5.89 (1H, t, J = 3.8 Hz), 4.31 (1H, dtd, J = 11.0, 4.1, 1.0 

Hz), 4.22 (1H, td, J = 10.8, 3.3 Hz), 4.10 (1H, br s), 3.70 (1H, br s), 2.29-2.19 (2H, m), 1.20 

(12H, br d, J = 6.0 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 155.3 (2C, 0), 130.8 (1), 129.8 

(1), 121.2 (0), 120.6 (1), 117.0 (1), 65.6 (1), 62.7 (2), 45.5 (2C, 1, br), 29.1 (2), 21.7 (4C, 3, 

br) ppm. MS(EI+) 277 (32%, M
+
), 218 (50), 146 (60), 133 (90), 105 (100);  HRMS (EI+) 

m/z 277.1667 (calcd for C16H23NO3: 277.1678). %Ee determined by CSP HPLC analysis of 

the intermediate 2° alcohol as follows: Chiracel RS-H, 2-propanol/hexane 10:90, flow 1 

mL/min, λ= 210 nm): t = 6.9 min [minor, (S)-isomer] and 8.3 min [major, (R)-isomer]. 

(S)-194f was made in the same way [using (S,S)-192] to yield the desired compound (70%, 

99% ee) as a white solid. 

 

(R)-N,N-Diisopropyl O-[1-(4-methylphenyl)]pent-1-yl carbamate 

[(R)-194g]: p-Tolyl butyl ketone (621 mg, 3.52 mmol) was subjected to 

the above two-step procedure [using (R,R)-192] to afford the title 

carbamate [(R)-194g, 528 mg, 1.73 mmol, 49% overall, 96% ee] as a 

colorless oil. [α]D
20

 +7.0 (c 1.53, CHCl3); IR (neat) 2999, 2964, 2934, 

2874, 1693, 1517, 1477, 1463, 1437, 1378, 1368, 1345, 1302, 1289, 1214, 1158, 1134, 1050, 

1021, 817, 770 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.24 (2H, d, J = 8.0), 7.14 (2H, d, J = 

7.8 Hz), 5.67 (1H, t, J = 6.9 Hz), 4.30-3.60 (2H, m), 2.33 (3H, s), 2.00-1.70 (2H, m), 
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1.40-1.15 (16H, m), 0.87 (3H, t, J = 7.0 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 155.3 (0), 

139.0 (0), 137.0 (0), 129.1 (2C, 1), 126.6 (2C, 1), 76.7 (1), 46.3 (2C, 1, br), 36.7 (2), 27.9 (2), 

21.6 (4C, 3, br),  21.2 (3), 14.1 (3) ppm; MS (EI+) 305 (10%, M
+
), 204 (19), 161 (63), 105 

(100); HRMS (EI+) m/z 305.2368 (calcd. for C19H31NO2: 305.2355);
 
CSP HPLC (Chiracel 

AD, 2-propanol/hexane 0.3:99.7, flow rate 0.2 mL/min, λ= 210 nm): t = 32.8 min [major, 

(R)-isomer] and 39.9 min [minor, (S)-isomer]. (S)-194g was made in the same way [using 

(S,S)-192] to yield the desired compound (50%, 96% ee) as a colorless oil. 

 

 (R)-N,N-Diisopropyl O-[1-(4-methylphenyl)]pent-1-yl carbamate 

[(R)-194h]: Phenyl isobutyl ketone (1.48 g, 9.11 mmol) was subjected to 

the above two-step procedure [using (R,R)-192] to afford the title 

carbamate [(R)-194h, 0.871 g, 2.99 mmol, 38% overall, 90% ee] as a 

colorless oil. [α]D
20

 +4.5 (c 1.80, CHCl3); IR (neat) 2999, 2962, 2935, 2872, 

1696, 1457, 1437, 1368, 1330, 1291, 1134, 1057, 768, 758, 699 cm
–1

; 
1
H NMR (700 MHz, 

CDCl3) δ 7.36-7.30 (4H, m), 7.25 (1H, tt, J = 7.7, 1.6 Hz), 5.76 (1H, dd, J = 8.0, 6.3 Hz), 

4.20-3.70 (2H, m), 1.91-1.85 (1H, m), 1.63-1.48 (2H, m), 1.30-1.10 (12H, m), 0.95 (3H, d, J 

= 6.5 Hz), 0.93 (3H, d, J = 6.5 Hz) ppm; 
13

C NMR (175 MHz, CDCl3) δ 155.3 (0), 142.2 (0), 

128.5 (2C, 1), 127.6 (1), 126.7 (2C, 1), 75.3 (1), 46.5 (1, br), 46.2 (2), 45.2 (1, br), 24.9 (1), 

22.9 (3), 22.8 (3), 21.9 (2C, 3, br), 20.7 (2C, 3, br) ppm; MS (EI+) 291 (12%, M
+
), 190 (15), 

147 (46), 105 (50), 91 (100); HRMS (EI+) m/z 291.2198 (calcd. for C18H29NO2: 

291.2198). %Ee determined by CSP HPLC analysis of the intermediate 2° alcohol, as follows: 

(Chiracel OD-H, 2-propanol/hexane 1:99, flow 1 mL/min, λ= 210 nm): t = 16.5 min [major, 

(R)-isomer] and 18.2 min [minor, (S)-isomer]. (S)-194h was made in the same way [using 

(S,S)-192] to yield the desired compound (31%, 92% ee) as a colorless oil. 
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Synthesis of α-Carbamoyloxyboronates (Boron Carbenoids, Table 26 and Scheme 16) 

 

N,N-Diisopropyl O-[(S)-3-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)]prop- 

1-yl carbamate [(S)-196a]:
83

 [Acylation] A 100 mL RB flask provided with a magnetic stir 

bar was charged with 3-phenylpropanol (S3, 1.16 g, 8.52 mmol) and diisopropylcarbamyl 

chloride (1.41 g, 8.61 mmol). The vessel was sealed with a septum and flushed with Ar then 

CH2Cl2 (15 mL) and Et3N (1.33 mL, d = 0.726, 0.966 g, 9.56 mmol) were added. The 

resulting mixture was stirred at a gentle reflux for 24 h. After cooling to rt, the mixture was 

partitioned between EtOAc (10 mL) and H2O (10 mL) and the aqueous phase extracted with 

EtOAc (2x10 mL). The combined organic phases were dried (Na2SO4) and concentrated in 

vacuo. The residue was purified by column chromatography (SiO2, eluting with 10% EtOAc 

in hexanes) to afford carbamate S4 (1.86 g, 7.06 mmol, 83%) as a colorless oil. IR (neat) 

2998, 2936, 2970, 2874, 1695, 1497, 1479, 1438, 1310, 1290, 1219, 1157, 1134, 773, 749, 

699 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.29 (2H, tm, J = 8.2 Hz), 7.22-7.17 (3H, m), 4.13 

(2H, t, J = 6.5 Hz), 4.10-3.60 (2H, m), 2.72 (2H, t, J = 7.6 Hz), 2.05-1.95 (2H, m), 1.23 (12H, 

d, J = 6.84) ppm; 
13

C NMR (100 MHz, CDCl3) δ 156.0 (0), 141.7 (0), 128.6 (2C, 1), 128.5 

(2C, 1), 126.1 (1), 64.2 (2), 45.9 (2C, 1, br), 31.7 (2), 31.1 (2), 21.3 (4C, 3, br) ppm. 
1
H and 

13
C NMR spectral data for S4 were in agreement with those previously reported data.

84
 

[Borylation] A stirred solution of carbamate S4 (1.05 g, 4.00 mmol) and (–)-sparteine (1.08 

mL, d = 1.02, 1.10 g, 4.69 mmol) in anhydrous Et2O (8 mL) at -78 °C under Ar, was treated 

with s-BuLi (4.90 mL, 0.96 M in cyclohexane, 4.70 mmol) during 15 min via a syringe pump. 

The reaction mixture was stirred at -78 °C for 5 h and then neat i-PrOBpin (0.890 g, 4.78 

mmol) was added during 15 min via a syringe pump. After stirring for an additional 1 h at 
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-78 °C, sat. aq. NH4Cl (5 mL) was added to quench the reaction mixture. The mixture was 

extracted with EtOAc (3x10 mL) and the combined organic phases dried (Na2SO4) and 

concentrated in vacuo. The residue was purified by column chromatography (SiO2, eluting 

with 10-17% EtOAc in hexanes) to afford the title α-carbamoyloxyboronate [(S)-196a, 1.40 g, 

3.60 mmol, 90%, 97% ee] as a colorless oil: [α]D
20

 +50.9 (c 1.41, CHCl3); IR (neat) 3027, 

2972, 2938, 1635, 1484, 1458, 1372, 1303, 1202, 1141, 1123, 1053, 1031, 972, 915, 899, 700 

cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.26 (2H, tm, J = 7.4 Hz), 7.20 (2H, dm, J = 7.0 Hz), 

7.16 (1H, tm, J = 7.2 Hz), 4.07 (1H, septet, J = 6.8 Hz), 3.83 (1H, dd, J = 10.5, 4.0 Hz), 3.76 

(1H, septet, J = 6.8 Hz), 2.85 (1H, ddd, J = 13.9, 10.1, 5.4 Hz), 2.71 (1H, ddd, J = 13.9, 9.5, 

6.6 Hz), 2.09-1.96 (1H, m), 1.95-1.84 (1H, m), 1.26-1.20 (12H, m), 1.17 (12H, s) ppm; 
13

C 

NMR (100 MHz, CDCl3) δ 162.9 (0), 142.6 (0), 128.7 (2C, 1), 128.4 (2C, 1), 125.8 (1), 79.9 

(2C, 0), 48.6 (1), 46.8 (1), 34.5 (2), 33.6 (2), 25.5 (2C, 3), 25.1 (2C, 3), 20.8 (2C, 3), 20.5 (3), 

20.4 (3) ppm; CSP HPLC (Chiracel OZ-H, 2-propanol/hexane 0.3:99.7, flow 0.2 mL/min, λ= 

210 nm): t = 41.7 min [major, (S)-isomer] and 47.0 min [minor, (R)-isomer]. 
1
H and 

13
C 

NMR spectral data were in agreement with those previously reported.
83 

 

N,N-Diisopropyl O-[(S)-3-phenyl-1-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)]prop-1-yl 

carbamate [(S)-196b]: A stirred solution of carbamate S4 (969 mg, 3.68 mmol) and 

(–)-sparteine (1.03 g, 4.39 mmol) in anhydrous Et2O (7 mL) at -78 °C under Ar, was treated 

dropwise with s-BuLi (4.40 mL, 1.00 M in cyclohexane, 4.40 mmol) during 5 min. The 

reaction mixture was stirred at -78 °C for 5 h and then neat i-PrOBneo (0.950 g, 5.52 mmol) 

was added dropwise during 5 min. After stirring for an additional 1 h at -78 °C, sat. aq. 

NH4Cl (6 mL) was added to quench the reaction mixture. The aqueous pH was adjusted to 5 
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with aq. HCl (2M, ~7 mL) and the mixture extracted with EtOAc (3x10 mL) and the 

combined organic phases dried (Na2SO4) and concentrated in vacuo. The solid residue was 

recrystallized from hexanes to yield the title α-carbamoyloxyboronate [(S)-196b, 1.07 g, 2.85 

mmol, 77%, assumed ≥ 97% ee by analogy to above result for 196a] as a white solid: mp 

109-110.5 °C (Et2O); [α]D
20 

+35.0 (c 1.07, CHCl3); IR (neat) 2998, 2974, 2952, 2904, 2867, 

2849, 1617, 1503, 1498, 1480, 1472, 1454, 1372, 1367, 1361, 1300, 1219, 1149, 1117, 1058, 

892, 698 cm
–1

; 
1
H NMR (700 MHz, CDCl3) δ 7.25 (2H, t, J = 7.3 Hz), 7.21 (2H, d, J = 7.3 

Hz), 7.15 (1H, t, J = 7.0 Hz), 4.05 (1H, m), 3.80 (1H, m), 3.73 (1H, dd, J = 9.4, 5.4 Hz), 3.52 

(4H, s), 2.81-2.70 (2H, m), 2.04-1.89 (2H, m), 1.30-1.20 (12H, m), 0.94 (6H, s) ppm; 
13

C 

NMR (170 MHz, CDCl3) δ 162.5 (0), 142.6 (0), 128.8 (2C,1), 128.4 (2C, 1), 125.7 (1), 72.1 

(2C, 2), 48.2 (1), 46.9 (1), 33.8 (2), 33.0 (2), 32.0 (0), 22.6 (2C, 3), 20.9 (2C, 3), 20.5 (2C, 3) 

ppm; MS (EI+) 375 (21%, M
+
), 332 (20), 284 (27), 256 (48), 230 (100), 170 (45);  HRMS 

(EI+) m/z 375.2580 (calcd. for C21H33BNO4: 375.2581). The structure and absolute 

configuration of (S)-196b was confirmed by X-ray diffraction analysis (Figure 16). 

X-ray Crystallography for (S)-196b.  

Diffraction intensities were collected at 

173 K on an Apex2 CCD diffractometer 

with a mico-focus Incoatec IμCu source, 

CuK radiation, = 1.54178 Å. Space 

group was determined based on 

systematic abstences. Absorption 

correction was applied by SADABS.
85

  

The structure was solved by direct 

methods and Fourier techniques and 

refined on F
2
 using full matrix least-squares procedures. All non-H-atoms were refined with 

anisotropic thermal parameters.  H-atoms were found on the residual density map and 

refined with isotropic thermal parameters. The Flack parameter is 0.00(6) and the given 

 
Figure 16. ORTEP diagram for (S)-196b. 
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structure corresponds to the absolute configuration of the compound. All calculations were 

performed by the SHELXL-2013 packages.
86

 

Summary crystallographic data for (S)-196b: C21H34BNO4, M = 375.30, 0.18 x 0.16 x 0.12 

mm, T = 173(2) K, Monoclinic, space group  P21, a = 5.9994(6) Å, b = 17.7642(18) Å, c = 

10.1356(10) Å,  = 92.119(4), V = 1079.46(19) Å3, Z = 2, Dc = 1.155 Mg/m3, μ(Mo)= 

0.619 mm-1, F(000) = 408, 2θmax = 133.30°, 14177 reflections, 3786 independent reflections 

[Rint = 0.0400],  R1 = 0.0291, wR2 = 0.0749 and GOF = 1.028 for 3786 reflections (250 

parameters) with I>2(I), R1 = 0.0298, wR2 = 0.0757 and GOF = 1.028 for all reflections, 

the Flack = 0.00(6), max/min residual electron density +0.106/-0.160 eÅ
–3

. 

 

N,N-Diisopropyl O-[(S)-cyclohexyl(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)]methyl 

carbamate [(S)-196c]: [Acylation] A 25 mL RB flask provided with a magnetic stir bar was 

charged with cyclohexylmethanol (S5, 1.06 g, 9.28 mmol) and diisopropylcarbamyl chloride 

(1.82 g, 11.1 mmol). The vessel was sealed with a septum and flushed with Ar then CH2Cl2 

(10 mL) and Et3N (1.70 mL, d = 0.726, 1.23 g, 12.2 mmol) were added. The resulting 

mixture was stirred at a gentle reflux for 96 h. After cooling to rt, the mixture was partitioned 

between EtOAc (10 mL) and H2O (10 mL) and the aqueous phase extracted with EtOAc 

(2x10 mL). The combined organic phases were dried (Na2SO4) and concentrated in vacuo. 

The residue was purified by column chromatography (SiO2, eluting with 3-5% EtOAc in 

hexanes) to afford carbamate 195c (2.04 g, 8.45 mmol, 91%) as a colorless oil. IR (neat) 

2998, 2970, 2930, 2854, 1696, 1478, 1448, 1440, 1368, 1315, 1298, 1286, 1219, 1192, 1158, 

1134, 1081, 1061, 1053, 772 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 4.20-3.60 (2H, m), 3.86 

(2H, d, J = 6.4 Hz), 1.78-1.58 (6H, m), 1.30-0.90 (17H, m) ppm; 
13

C NMR (100 MHz, 
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CDCl3) δ 156.2 (0), 70.2 (2), 45.9 (2C, 1, br), 37.6 (1), 30.1 (2C, 2), 26.6 (2), 25.9 (2C, 2), 

21.2 (4C, 3, br) ppm; MS (EI+) 241 (10%, M
+
), 226 (80), 146 (35), 130 (28), 97 (100) 86 

(68);  HRMS (EI+) m/z 241.2031 (calcd. for C14H27NO2: 241.2042).  

[Borylation] A stirred solution of carbamate 195c (730 mg, 3.02 mmol) and (–)-sparteine 

(850 mg, 3.63 mmol) in anhydrous Et2O (6 mL) at -78 °C under Ar, was treated dropwise 

with s-BuLi (3.60 mL, 1.00 M in cyclohexane, 3.60 mmol) during 5 min. The reaction 

mixture was stirred at -78 °C for 4 h and then neat i-PrOBneo (770 mg, 4.48 mmol) was 

added dropwise during 5 min. After stirring for an additional 1 h at -78 °C, sat. aq. NH4Cl (6 

mL) was added to quench the reaction mixture. The aqueous pH was adjusted to 5 with aq. 

HCl (2M, ~6 mL) and the mixture extracted with EtOAc (3x10 mL) and the combined 

organic phases dried (Na2SO4) and concentrated in vacuo. The residue was purified by 

column chromatography (SiO2, eluting with 10-30% EtOAc in hexanes) to yield a mixture of 

the desired compound and 2,2-dimethyl-1,3-propanediol. This material was dissolved in 

hexanes (15 mL), washed with H2O (3x10 mL) to remove the diol, then dried (Na2SO4), and 

concentrated in vacuo to afford the title α-carbamoyloxyboronate [(S)-196c, 200 mg, 0.566 

mmol, 19%] as a colorless oil that solidified to a waxy solid on standing: [α]D
20 

+17.6 (c 1.24, 

CHCl3); IR (neat) 2973, 2925, 2851, 1674, 1629, 1505, 1486, 1476, 1450, 1394, 1388, 1368, 

1345, 1328, 1306, 1287, 1274, 1234, 1220, 1207, 1152, 1099, 1058, 903, 885, 773 cm
–1

; 
1
H 

NMR (700 MHz, CDCl3) δ 4.02 (1H, septet, J = 6.3 Hz), 3.82 (1H, septet, J = 6.4 Hz), 

3.53-3.49 (4H, m), 3.32 (1H, d, J = 10.6 Hz), 1.93 (1H, d, J = 12.7 Hz), 1.90 (1H, d, J = 12.5 

Hz), 1.71-1.63 (5H, m), 1.27-1.20 (16H, m), 1.02-0.88 (6H, m) ppm; 
13

C NMR (175 MHz, 

CDCl3) δ 162.3 (0), 72.0 (2C, 2), 48.0 (1), 46.8 (1), 38.7 (1), 32.1 (0), 31.8 (2), 28.9 (2), 26.9 

(2), 26.1 (2), 26.0 (2), 22.8 (2C, 3), 20.9 (3), 20.8 (3), 20.5 (3), 20.4 (3) ppm; MS (EI+) 353 

(20%, M
+
), 268 (70), 256 (73), 170 (100), 128 (68); HRMS (EI+) m/z 353.2749 (calcd. for 

C19H36BNO4: 353.2737). 

 



103 
 

 

((1S,5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)methanol (210): 
t
BuOOH (aq, 70% wt, 

9.6 mL, 75 mmol) was extracted with CH2Cl2 (12 mL). Organic layer was transferred to a 50 

mL RB flask. SeO2 (0.080 g, 0.72 mmol) was added to the RB flask at rt After SeO2 was 

dissolved, (1R,5R)-2,6,6-trimethylbicyclo[3.1.1]hept-2-ene (208, 2.72 g, 20.0 mmol, 97% ee) 

was added dropwisely via syringe at rt. The solution was stirred at 35 °C for 113 hours. Then 

the solution was washed with NaOH (aq. 10% wt, 10 mL), DI water (10 mL x 3), NH4Cl (sat. 

aq., 10 mL), and brine (10 mL). Organic layer was dried over Na2SO4, filtered and 

concentrated in vacuo. The oily residue was dissolved in MeOH (15 mL), cooled to 0 °C and 

treated with NaBH4 (1.00 g, 26 mmol) in ten small portions. Then the solution was warmed 

up to rt and stirred at rt for 2 hours. NaOH (aq. 10% wt, 5 mL) was added to quench the 

reaction. Volatile solvent was removed in vacuo. The residue was partitioned between DI 

water (10 mL) and EtOAc (10 mL). Aqueous layer was separated and extracted with EtOAc 

(15 mL x 4). Combined organic layer was dried over Na2SO4, filtered and concentrated in 

vacuo. The oily residue was purified on column (SiO2, eluting with 10%-16% EtOAc in 

hexanes) to afford the title alcohol 210 (1.41 g, 9.26 mmol, 46%) as a colorless oil. [α]D
20

 

+49.7 (c 2.15, EtOH); IR (neat) 3327, 2987, 2971, 2915, 2882, 2833, 1469, 1458, 1450, 1432, 

1382, 1365, 1221, 1204, 1057, 1045, 1031, 1016, 1001, 989, 802 cm
–1

; 
1
H NMR (400 MHz, 

CDCl3) δ 5.48-5.44 (1H, m), 3.97 (2H, d, J = 1.6 Hz), 2.39 (1H, dt, J = 8.6, 5.6 Hz), 

2.35-2.18 (2H, m), 2.15-2.05 (2H, m), 1.46 (1H, br s), 1.28 (3H, s), 1.17 (1H, d, J = 8.6 Hz), 

0.83 (3H, s), ppm; 
13

C NMR (100 MHz, CDCl3) δ 148.0 (1c, 0), 118.0 (1c, 1), 66.1 (1c, 2), 

43.5 (1c, 1), 41.1 (1c, 1), 38.1 (1c, 0), 31.8 (1c, 2), 31.3  (1c, 2), 26.3 (1c, 3), 21.3 (1c, 3) 

ppm; The 
1
H NMR and 

13
C NMR spectral data were in agreement with previously reported 

data.
87
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N,N-Diisopropyl O-(10S)-((1S,5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)(4,4,5,5- 

tetramethyl-1,3,2-dioxaborolan-2-yl)methyl carbamate [(10S)-212]: [Acylation] A 25 mL 

RB flask provided with a magnetic stir bar was charged with diisopropylcarbamoyl chloride 

(0.77 g, 4.8 mmol) and ((1S,5R)-6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)methanol 210 

(0.57 g, 3.8 mmol, 97% ee). The vessel was sealed with a septum and flushed with Ar for 10 

minutes. Then CH2Cl2 (7 mL) and NEt3 (0.75 mL, d = 0.73, 0.55 g, 5.4 mmol) was added via 

syringe. The solution was stirred at 40 °C for 39 hours. After cooling to rt, DI water (10 mL) 

and EtOAc (5 mL) were added. Aqueous layer was separated and extracted with EtOAc (10 

mL x 3). Combined organic layer was dried over Na2SO4, filtered and concentrated in vacuo. 

The oily residue was further purified by flash chromatography (SiO2, eluting with 5% EtOAc 

in hexanes) to yield the carbamate 211 (0.921 g, 3.30 mmol, 87 %) as a colorless oil. [α]D
20 

+25.6 (c 2.20, CHCl3); IR (neat) 2970, 2936, 2884, 2834, 1696, 1477, 1441, 1367, 1300, 

1287, 1220, 1160, 1050, 771 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 5.56-5.51 (1H, m), 4.43 

(2H, d, J = 1.2 Hz), 4.20-3.60 (2H, m), 2.37 (1H, dt, J = 8.6, 5.6 Hz), 2.30, 2.22 (2H, ABq, 

JAB = 17.8 Hz), 2.16 (1H, td, J = 5.8, 1.1 Hz), 2.10-2.05 (1H, m), 1.26 (3H, s), 1.20-1.15 

(13H, m), 0.83 (3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 155.9 (1c, 0), 144.1 (1c,0), 121.0 

(1c, 1), 67.6 (1c, 2), 46.3 (1c, 1), 45.4 (1c, 1), 43.8 (1c, 1), 40.9 (1c, 1), 38.1 (1c, 0), 31.6 (1c, 

2), 31.4 (1c, 2), 26.4 (1c, 3), 21.2 (1c, 3), 21.0 (4c, 3) ppm; MS(ES) 280.2 (M+H)
 +

; HRMS 

(ES) m/z 280.2281 (calcd for C17H30NO2 (M+H): 280.2277). 

[Borylation] A 25 mL oven-dried RB flask provided with a magnetic stir bar was charged 

with carbamate 211 (0.90 g, 3.2 mmol, 97% ee). The vessel was sealed with a septum and 

flushed with Ar for 10 minutes. Then N,N,N’N’-tetramethylethylenediamine (TMEDA)  

(0.59 mL, d = 0.77, 0.45 g, 3.9 mmol) and Et2O (8 mL) was added via syringe. The stirring 
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solution was cooled at -78 °C over 15 min. Then 
n
BuLi (1.7 mL, 2.30 M, 3.9 mmol) was 

added dropwisely over 5 min. The solution was stirred at -78 °C for 2 hours. Then 

2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.65g, 9.6 mmol) was added slowly 

over 5 min at -78 °C. The yellow solution was stirred at -78 °C for another 2 hours. Then 

NH4Cl (sat. aq., 5 mL) was added at -78 °C to quench the reaction. The suspension was 

filtered with a piece of 4-inch filter paper to remove insoluble white solid. Filter cake was 

washed with EtOAc (5 mL x 3). Filtrate was separated and aqueous layer was extracted with 

EtOAc (10 mL x 3). Combined organic layer was dried over Na2SO4, filtered and 

concentrated in vacuo. The oily residue was further purified by flash chromatography 

(eluting with 10% - 17% EtOAc in hexanes) to yield the title boronate (10S)-212 as a single 

diastereoisomer (0.551 g, 1.36 mmol, 42%) as a colorless oil. [α]D
20 

+9.2  (c  1.53, CHCl3); 

IR (neat) 2973, 2936, 2917, 2882, 1632, 1502, 1482, 1382, 1372, 1212, 1203, 1157, 1143, 

1123, 1051, 899 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 5.19-5.16 (1H, m), 4.11 (1H, d, J = 1.4 

Hz), 4.01 (1H, sep, J = 6.8 Hz), 3.90 (1H, sep, J = 6.8 Hz), 2.33-2.15 (3H, m), 2.03 (2H, d, J 

= 5.9 Hz), 1.38 (1H, d, J =8.5 Hz), 1.27-1.20 (15H, m), 1.15 (6H, s), 1.13 (6H, s), 0.88 (3H, s) 

ppm; 
13

C NMR (100 MHz, CDCl3) δ 162.6 (1c, 0), 146.7 (1c, 0), 112.3 (1c,1), 80.2 (2C, 0), 

48.4 (1c, 1), 47.0 (1c, 1), 43.8 (1c, 1), 41.1 (1c, 1), 38.0 (1c, 0), 31.6 (1c, 2), 31.1 (1c, 2), 

26.6 (1c, 3), 25.4 (4c, 3), 21.3 (1c, 3), 20.9 (1c, 3), 20.8 (1c, 3), 20.6 (1c, 3), 20.5 (1c, 3) ppm; 

The IR, 
1
H NMR, and 

13
C NMR spectral data were in agreement with previously reported 

data.
51

 

 

Eliminative Cross-Coupling Reactions (Table 29,30 and Scheme 17) 

Assignment of stereochemistry: Stereochemistry was assigned to all alkene products using 

2D NMR spectral analyses (COSY & NOESY). Elucidation of the stereochemistry using 

NOESY was shown for (E)-201d and (Z)-201d. The analyses of other unknown (E)- and 

(Z)-alkenes were following the same procedure. For previously known compounds, the 
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assignments made in this fashion were fully consistent with those reported in the literature. 

Furthermore, the assignment of alkene configuration was corroborated by γ-substituent 

effects evident for 
13

C NMR signals
88

 of the allylic carbon-atom bound to the α-styryl atom. 

In all cases, the sterically compressed allylic carbon atom in the (E)-isomer exhibits δC ~ 

6-10 ppm lower (upfield) than for the corresponding atom in the (Z)-isomer. Diagnostic δC 

values are indicated in red below. 

 

(E)-2,5-Diphenyl-2-pentene [(E)-201a]: [Table 29; neo•unlike•protocol B] A stirred solution 

of carbamate (R)-194a (62 mg, 0.249 mmol, 97% ee) in anhydrous Et2O (1.0 mL) at -78 °C 

under Ar was treated dropwise with t-BuLi (0.18 mL, 1.56 M in pentane, 0.281 mmol) during 

2 min. After stirring for 20 min, the resulting lithiated carbamate was treated dropwise with a 

solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in anhydrous PhMe (0.5 

mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture was allowed 

to stir for 1 h at -78 °C and then allowed to warm to rt during 16 h. After this time, sat. aq. 

NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and separated. The 

aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic phases dried 

(Na2SO4) and concentrated in vacuo. The residue was taken up in PhMe (1 mL), heated to 

80 °C, and stirred for 16 h. After this time, the reaction mixture was concentrated in vacuo 

and the residue was purified by column chromatography (SiO2, eluting with 0-1% EtOAc in 

hexanes) to afford the title alkene [(E)-201a, 38.9 mg, 0.175 mmol, 70%] as a colorless oil. 

1
H NMR spectral analysis revealed E:Z > 98:2. IR (neat) 3086, 3062, 3028, 3001, 2960, 2927, 

2858, 1686, 1601, 1496, 1454, 1448, 1380, 1359, 1266, 1074, 1062, 1028, 759, 749, 699 
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cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.44-7.40 (2H, m), 7.39-7.33 (4H, m), 7.31-7.23 (4H, 

m), 5.88 (1H, t, J = 7.1 Hz ) 2.83 (2H, t, J = 7.5 Hz), 2.59 (2H, q, J = 7.7 Hz), 2.04 (3H, s) 

ppm; 
13

C NMR (100 MHz, CDCl3) δ 144.1 (0), 142.2 (0), 135.6 (0), 128.7 (2C, 1), 128.5 

(2C,1), 128.3 (2C, 1), 127.6 (1), 126.7 (1), 126.0 (1), 125.8 (2C, 1), 36.0 (2), 30.9 (2), 16.0 (3) 

ppm. 
1
H and 

13
C NMR spectral data agree with those previously reported.

89
 

 

 

(Z)-2,5-Diphenyl-2-pentene [(Z)-201a]: [Table 30; neo•like•protocol B] A stirred solution of 

carbamate (S)-194a (62 mg, 0.249 mmol, 97% ee) in anhydrous Et2O (1.0 mL) at -78 °C 

under Ar was treated dropwise with t-BuLi (0.18 mL, 1.56 M in pentane, 0.281 mmol) during 

2 min. After stirring for 20 min, the resulting lithiated carbamate was treated dropwise with a 

solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in anhydrous PhMe (0.5 

mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture was allowed 

to stir for 1 h at -78 °C and then allowed to warm to rt during 4 h. After this time, the mixture 

was heated to 80 °C and stirred for 24 h (note: Et2O boils out leaving just PhMe behind). Sat. 

aq. NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and separated. The 

aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic phases dried 

(Na2SO4) and concentrated in vacuo. The residue was purified by column chromatography 

(SiO2, eluting with 0-1% EtOAc in hexanes) to afford the title alkene [(Z)-201a, 38.8 mg, 

0.175 mmol, 70%] as a colorless oil. 
1
H NMR spectral analysis revealed E:Z = 5:95. IR (neat) 

3081, 3061, 3027, 2965, 2927, 2855, 1601, 1496, 1453, 1442, 1435, 1372, 1096, 1075, 1030, 

1016, 913, 845, 762, 748, 699 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.38-7.25 (5H, m), 7.21 
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(1H, tt, J = 7.3, 1.5 Hz), 7.19-7.14 (4H, m), 5.56 (1H, tq, J = 7.3, 1.3 Hz ), 2.70 (2H, t, J = 

7.4 Hz), 2.35 (2H, qm, J = 7.3 Hz), 2.08 (3H, d = 1.2 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) 

δ 142.21 (0), 142.16 (0), 137.1 (0), 128.6 (2C,1), 128.4 (2C,1), 128.2 (2C, 1), 128.0 (2C, 1), 

126.8 (1), 126.6 (1), 125.9 (1), 36.5 (2), 31.1 (2), 25.8 (3) ppm. 
1
H and 

13
C NMR spectral 

data agree with those previously reported.
89  

 

 

(E)-2-(4-Chlorophenyl)-5-phenyl-2-pentene [(E)-201b]: (Table 29; neo•like•protocol A) A 

stirred solution of carbamate (S)-194b (71 mg, 0.250 mmol, 94% ee) in anhydrous Et2O (1.0 

mL) at -78 °C under Ar was treated dropwise with s-BuLi (0.25 mL, 1.12 M in cyclohexane, 

0.280 mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was 

treated dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) 

in anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 

10 h. After this time, a methanolic solution of NaOH (1.0 mL, 0.5 M) was added and the 

mixture stirred for an additional 16 h at rt. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then 

added and the layers shaken and separated. The aqueous phase was extracted with EtOAc 

(3x3 mL) and the combined organic phases dried (Na2SO4) and concentrated in vacuo. The 

residue was purified by column chromatography (SiO2, eluting with hexanes) to afford the 

title alkene [(E)-201b, 23.8 mg, 0.093 mmol, 37%] as a colorless oil. 
1
H NMR spectral 

analysis revealed E:Z > 98:2. IR (neat) 3085, 3063, 3027, 2925, 2857, 1604, 1494, 1454, 
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1402, 1377, 1095, 1012, 820, 750, 699 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.35-7.20 (9H, 

m) 5.82 (1H, tq, J = 7.1, 0.9 Hz), 2.78 (2H, t, J = 8.0 Hz), 2.53 (2H, q, J = 7.5 Hz), 1.96 (3H, 

s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 142.5 (0), 142.0 (0), 134.6 (0), 132.5 (0), 128.7 

(2C,1), 128.5 (2C,1), 128.4 (2C, 1), 128.1 (1), 127.1 (2C, 1), 126.1 (1), 35.9 (2), 30.9 (2), 

15.9 (3) ppm; MS (EI+) 258 (9%, M[
37

Cl]
+
), 256 (28%, M[

35
Cl]

+
), 167 (33), 165 (100), 130 

(23); HRMS (EI+) m/z 256.1018 (calcd. for C17H17
35

Cl: 256.1019). 

 

 

(Z)-2-(4-Chlorophenyl)-5-phenyl-2-pentene [(Z)-201b]: (Table 30; neo•like•protocol B) A 

stirred solution of carbamate (S)-194b (71 mg, 0.250 mmol, 94% ee) in anhydrous Et2O (1.0 

mL) at -78 °C under Ar was treated dropwise with s-BuLi (0.25 mL, 1.12 M in cyclohexane, 

0.280 mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was 

treated dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) 

in anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 9 

h. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and 

separated. The aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic 

phases dried (Na2SO4) and concentrated in vacuo. The residue was taken up in PhMe (1 mL), 

heated to 80 °C, and stirred for 16 h. After this time, the reaction mixture was concentrated in 

vacuo and the residue was purified by column chromatography (SiO2, eluting with hexanes) 

to afford the title alkene [(Z)-201b, 30.5 mg, 0.119 mmol, 48%] as a colorless oil. 
1
H NMR 
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spectral analysis revealed E:Z = 7:93. IR (neat) 3086, 3063, 3027, 2967, 2923, 2855, 1603, 

1595, 1490, 1454, 1095, 1014, 828, 748, 698 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.31-7.24 

(4H, m), 7.20 (1H, tt, J = 7.3, 1.8 Hz), 7.12 (2H, dm, J = 7.0 Hz), 7.02 (2H, d, J = 8.4 Hz), 

5.54 (1H, tq, J = 7.3, 1.4 Hz), 2.67 (2H, t, J = 7.4 Hz), 2.29 (2H, qm, J = 7.2 Hz), 2.01 (3H, d, 

J = 1.2 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 142.0 (0), 140.6 (0), 136.0 (0), 132.4 (0), 

129.4 (2C,1), 128.7 (2C,1), 128.43 (2C, 1), 128.40 (2C, 1),  127.5 (1), 126.0 (1), 36.4 (2), 

31.1 (2), 25.6 (3) ppm; MS(EI+) 258 (10%, M[
37

Cl]
+
), 256 (27, M

+
), 167 (33), 165 (100), 

130 (25). 

 

 

(E)-2-(4-Methoxyphenyl)-5-phenyl-2-pentene [(E)-201c]: (Table 29; neo•like•protocol A) 

A stirred solution of carbamate (S)-194c (105 mg, 0.376 mmol, 1.5 eq, 96% ee) in anhydrous 

Et2O (1.0 mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.17 mL, 1.65 M in 

pentane, 0.281 mmol) during 2 min. After stirring for 20 min, the resulting lithiated 

carbamate was treated dropwise with a solution of boronate (S)-196b (94 mg, 0.250 mmol, 

1.0 eq, 97% ee) in anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 

3 min. The reaction mixture was allowed to stir for 1 h at -78 °C and then allowed to warm to 

rt during 10 h. After this time, a methanolic solution of NaOH (1.0 mL, 0.5 M) was added 

and the mixture stirred for an additional 16 h at rt. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) 

were then added and the layers shaken and separated. The aqueous phase was extracted with 

EtOAc (3x3 mL) and the combined organic phases dried (Na2SO4) and concentrated in vacuo. 
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The residue was purified by column chromatography (SiO2, eluting with 2% EtOAc in 

hexanes) to afford the title alkene [(E)-201c, 42.5 mg, 0.168 mmol, 67%] as a colorless oil. 

1
H NMR spectral analysis revealed E:Z = 97:3. IR (neat) 3028, 2934, 2856, 2835, 1608, 1512, 

1497, 1453, 1442, 1290, 1246, 1180, 1035, 825, 748, 700 cm
–1

; 
1
H NMR (400 MHz, CDCl3) 

δ 7.38-7.31 (4H, m), 7.30-7.22 (3H, m), 6.90 (2H, d, J = 8.7 Hz), 5.80 (1H, t, J = 7.1 Hz), 

3.85 (3H, s), 2.82 (2H, t, J = 8.0 Hz), 2.57 (2H, q, J = 7.6 Hz), 2.01 (3H, s) ppm; 
13

C NMR 

(100 MHz, CDCl3) δ 158.7 (0), 142.3 (0), 136.7 (0), 134.9 (0), 128.7 (2C,1), 128.5 (2C,1), 

126.8 (2C, 1), 126.00 (1), 125.96 (1), 113.7 (2C, 1), 55.4 (3), 36.1 (2), 30.9 (2), 16.0 (3) ppm; 

MS (ES+) 253 (M+H)
+
; HRMS (ES+) m/z 253.1599 (calcd. for C18H21O: 253.1592). 

 

 

(Z)-2-(4-Methoxyphenyl)-5-phenyl-2-pentene [(Z)-201c]: (Table 30; neo•like•protocol B) 

A stirred solution of carbamate (S)-194c (70 mg, 0.251 mmol, 96% ee) in anhydrous Et2O 

(1.0 mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.18 mL, 1.53 M in pentane, 

0.275 mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was 

treated dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) 

in anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 

16 h. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and 

separated. The aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic 

phases dried (Na2SO4) and concentrated in vacuo. The residue was taken up in PhMe (1 mL), 
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heated to 80 °C, and stirred for 16 h. After this time, the reaction mixture was concentrated in 

vacuo and the residue was purified by column chromatography (SiO2, eluting with 2-3% 

EtOAc in hexanes) to afford the title alkene [(Z)-201c, 27.2 mg, 0.108 mmol, 43%] as a 

colorless oil. 
1
H NMR spectral analysis revealed E:Z < 2:98. IR (neat) 3062, 3027, 3000, 

2961, 2932, 2854, 2835, 1609, 1511, 1496, 1454, 1442, 1289, 1245, 1177, 1035, 831, 748, 

699, 668 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.29 (2H, tm, J = 7.5 Hz), 7.20 (1H, tm, J = 

7.3 Hz), 7.16 (2H, dm, J = 7.2 Hz), 7.08 (2H, d, J = 8.6 Hz), 6.88 (2H, d, J = 8.7 Hz), 5.50 

(1H, tq, J = 7.1, 0.9 Hz), 3.83 (3H, s), 2.68 (2H, t, J = 8.2 Hz), 2.35 (2H, q, J = 7.4 Hz), 2.04 

(3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 158.4 (0), 142.3 (0), 136.5 (0), 134.6 (0), 129.1 

(2C,1), 128.6 (2C,1), 128.4 (2C, 1), 126.5 (1), 125.9 (1), 113.6 (2C, 1), 55.4 (3), 36.6 (2), 

31.2 (2), 25.8 (3) ppm; MS (ES+) 253 (M+H)
+
;  HRMS (ES+) m/z 253.1601 (calcd. for 

C18H21O: 253.1592).  

 

 

(E)-2-(Naphth-2-yl)-5-phenyl-2-pentene [(E)-201d]: (Table 29; neo•like•protocol A) A 

stirred solution of carbamate (S)-194c (75 mg, 0.251 mmol, 96% ee) in anhydrous Et2O (1.0 

mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.19 mL, 1.43 M in pentane, 0.272 

mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated 

dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in 

anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 6 
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h. After this time, a methanolic solution of NaOH (1.0 mL, 0.5 M) was added and the mixture 

stirred for an additional 16 h at rt. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then added 

and the layers shaken and separated. The aqueous phase was extracted with EtOAc (3x3 mL) 

and the combined organic phases dried (Na2SO4) and concentrated in vacuo. The residue was 

purified by column chromatography (SiO2, eluting with 0-1% EtOAc in hexanes) to afford 

the title alkene [(E)-201d, 30.7 mg, 0.113 mmol, 45%] as a colorless oil. 
1
H NMR spectral 

analysis revealed E:Z > 98:2. IR (neat) 3058, 3026, 2925, 2855, 1682, 1629, 1597, 1504, 

1496, 1453, 1383, 1130, 856, 814, 747, 699 cm
–1

; 
1
H NMR (700 MHz, CDCl3) δ 7.86 (1H, d, 

J = 8.2 Hz), 7.84 (1H, d, J = 8.3 Hz), 7.82-7.80 (2H, m), 7.61 (1H, dm, J = 8.7 Hz), 7.50 (1H, 

tm, J = 6.9 Hz), 7.46 (1H, tm, J = 6.9 Hz), 7.36 (2H, t, J = 7.4 Hz), 7.30 (2H, d, J = 7.5 Hz), 

7.26 (1H, tm, J = 7.0 Hz), 6.04 (1H, t, J = 7.1 Hz), 2.86 (2H, t, J = 7.8 Hz), 2.63 (2H, q, J = 

7.7 Hz), 2.13 (3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 142.2 (0), 141.2 (0), 135.4 (0), 

133.7 (0), 132.6 (0), 128.7 (2C,1), 128.5 (2C,1), 128.22 (1), 128.19 (1), 127.8 (1), 127.7 (1), 

126.2 (1), 126.0 (1), 125.6 (1), 124.5 (1), 124.1 (1), 36.0 (2), 31.1 (2), 16.0 (3) ppm; MS 

(ES+) 273 (M+H)
+
; HRMS (ES+) m/z 273.1669 (calcd. for C21H21: 273.1643). 

The stereochemistry of (E)-201d was established by 1D and 2D NMR (Figure 17). First, 

with 
1
H NMR and COSY, protons A, B, C, and D were assigned. Then, in NOESY spectrum, 

there are correlations (indicated in red double arrows) between proton A and B, proton A and 

C, and proton C and D, showing these three pairs of protons are in close proximity in space. 

There is no correlation between A and D, indicating these two protons are not in close 

proximity. The aromatic protons were not assigned due to overlap of signals. However, the 

NOESY clearly shows that proton A correlates with two aromatic protons. And proton D also 

correlates with the same two aromatic protons. All these evidences are in accordance with the 

structure of (E)-isomer. 
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Figure 17. Analysis of (E)-201d using NOESY spectrum. 
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(Z)-2-(Naphth-2-yl)-5-phenyl-2-pentene [(Z)-201d]: (Table 30; neo•like•protocol B) A 

stirred solution of carbamate (S)-194d (75 mg, 0.251 mmol, 96% ee) in anhydrous Et2O (1.0 

mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.20 mL, 1.38 M in pentane, 0.276 

mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated 

dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in 

anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 

15 h. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and 

separated. The aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic 

phases dried (Na2SO4) and concentrated in vacuo. The residue was taken up in PhMe (1 mL), 

heated to 80 °C, and stirred for 16 h. After this time, the reaction mixture was concentrated in 

vacuo and the residue was purified by column chromatography (SiO2, eluting with 1-2% 

EtOAc in hexanes) to afford the title alkene [(Z)-201d, 36.8 mg, 0.135 mmol, 54%] as a 

colorless oil. 
1
H NMR spectral analysis revealed E:Z = 9:91. IR (neat) 3058, 3026, 2964, 

2930, 2855, 1599, 1503, 1496, 1454, 1376, 1129, 897, 859, 819, 747, 699 cm
–1

; 
1
H NMR 

(700 MHz, CDCl3) δ 7.88-7.80 (3H, m), 7.55-7.46 (3H, m), 7.32-7.27 (3H, m), 7.23 (1H, t, J 

= 7.2 Hz), 7.17 (2H, d, J = 7.5 Hz), 5.65 (1H, t, J = 7.2 Hz), 2.74 (2H, t, J = 7.6 Hz), 2.41 

(2H, q, J = 7.5 Hz), 2.17 (3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 142.1 (0), 139.8 (0), 

137.1 (0), 133.5 (0), 132.4 (0), 128.7 (2C,1), 128.4 (2C,1), 128.0 (1), 127.76 (1), 127.71 (1), 

127.3 (1), 126.7 (1), 126.5 (1), 126.1 (1), 125.9 (1), 125.7 (1), 36.5 (2), 31.2 (2), 25.8 (3) 

ppm; MS (ES+) 273 (M+H)
+
;  HRMS (ES+) m/z 273.1650 (calcd. for C21H21: 273.1643). 
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The stereochemistry of (Z)-201d was established by 1D and 2D NMR (Figure 18). First, 

with 
1
H NMR and COSY, protons A, B, C, and D were assigned. Then, in NOESY spectrum, 

there are correlations (indicated in red double arrows) between proton A and B, proton A and 

C, and proton A and D, showing these three pairs of protons are in close proximity in space. 

There is no correlation between proton A and aromatic protons, indicating they are not in 

close proximity. The aromatic protons were not assigned due to overlap of signals. However, 

the NOESY clearly shows that proton D correlates with two aromatic protons. And proton C 

also correlates with the same two aromatic protons. All these evidences are in accordance 

with the structure of (Z)-isomer. 

 

Figure 18. Analysis of (Z)-201d using NOESY spectrum. 
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(E)-2-(Naphth-1-yl)-5-phenyl-2-pentene [(E)-201e]: (Table 29; neo•like•protocol C) A 

stirred solution of carbamate (S)-194e (75 mg, 0.251 mmol, 96% ee) in anhydrous Et2O (1.0 

mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.20 mL, 1.38 M in pentane, 0.276 

mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated 

dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in 

anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at -78 °C and then freshly prepared MgBr2·OEt2 

(0.25 mmol) in Et2O (1 mL) was added dropwise.
90 

The cooling bath was removed and the 

reaction mixture was allowed to warm to rt and stirred for 16 h. Sat. aq. NH4Cl (1 mL) and 

H2O (1 mL) were then added and the layers shaken and separated. The aqueous phase was 

extracted with EtOAc (3x3 mL) and the combined organic phases dried (Na2SO4) and 

concentrated in vacuo. The residue was taken up in PhMe (1 mL), heated to 80 °C, and 

stirred for 16 h. After this time, the reaction mixture was concentrated in vacuo and the 

residue was purified by column chromatography (SiO2, eluting with 2-3% EtOAc in hexanes) 

to afford the title alkene [(E)-201e, 34.9 mg, 0.128 mmol, 51%] as a colorless oil. 
1
H NMR 

spectral analysis revealed E:Z = 90:10. IR (neat) 3085, 3061, 3027, 3001, 2923, 2855, 1604, 

1591, 1578, 1506, 1496, 1453, 1436, 1395, 1375, 1247, 1030, 1010, 800, 792, 778, 748, 699 

cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.85 (2H, tm, J = 8.2 Hz), 7.76 (1H, d, J = 8.2 Hz), 

7.51-7.41 (3H, m), 7.39-7.24 (6H, m), 5.58 (1H, tq, J = 7.2, 1.4 Hz), 2.87 (2H, t, J = 7.7 Hz), 

2.66 (2H, q, J = 7.6 Hz), 2.04 (3H, d, J = 0.6 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 144.3 
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(0), 142.2 (0), 135.9 (0), 134.0 (0), 131.4 (0), 130.1 (1), 128.8 (2C, 1), 128.5 (2C, 1), 128.4 

(1), 126.9 (1), 126.2 (1), 126.0 (1), 125.71 (1), 125.66 (1), 125.60 (1), 125.0 (1), 36.0 (2), 

30.6 (2), 19.1 (3) ppm; MS (EI+) 272 (100%, M
+
), 252 (87), 250 (55), 243 (100); HRMS 

(EI+) m/z 272.1573 (calcd. for C21H20: 272.1565). 
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(Z)-2-(Naphth-1-yl)-5-phenyl-2-pentene [(Z)-201e: (Table 30; neo•unlike•protocol C) A 

stirred solution of carbamate (R)-194e (75 mg, 0.251 mmol, 96% ee) in anhydrous Et2O (1.0 

mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.21 mL, 1.33 M in pentane, 0.279 

mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated 

dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in 

anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at -78 °C and then freshly prepared MgBr2•OEt2 

(0.25 mmol) in Et2O (1 mL) was added dropwise.
90 

The cooling bath was removed and the 

reaction mixture was allowed to warm to rt and stirred for 16 h. Sat. aq. NH4Cl (1 mL) and 

H2O (1 mL) were then added and the layers shaken and separated. The aqueous phase was 

extracted with EtOAc (3x3 mL) and the combined organic phases dried (Na2SO4) and 

concentrated in vacuo. The residue was taken up in PhMe (1 mL), heated to 80 °C, and 

stirred for 42 h. After this time, the reaction mixture was concentrated in vacuo and the 

residue was purified by column chromatography (SiO2, eluting with 2-3% EtOAc in hexanes) 

to afford the title alkene [(Z)-201e, 33.8 mg, 0.124 mmol, 50%] as a colorless oil. 
1
H NMR 

spectral analysis revealed E:Z = 7:93. IR (neat) 3086, 3060, 3027, 3002, 2963, 2929, 2880, 

2853, 1603, 1591, 1506, 1496, 1453, 1434, 1373, 1357, 1020, 801, 793, 779, 748, 699 cm
–1

; 

1
H NMR (700 MHz, CDCl3) δ 7.91 (2H, dm, J = 8.2 Hz), 7.80 (1H, d, J = 8.3 Hz), 7.54-7.46 

(3H, m), 7.25 (2H, tm, J = 7.6 Hz), 7.19 (1H, tm, J = 7.4 Hz), 7.14 (1H, d, J = 6.9 Hz), 7.06 

(2H, d, J = 7.3 Hz), 5.82 (1H, tq, J = 7.2, 1.0 Hz), 2.65 (2H, t, J = 7.6 Hz), 2.15 (3H, d, J = 

0.8 Hz), 2.12-2.04 (2H, m) ppm; 
13

C NMR (100 MHz, CDCl3) δ 142.1 (0), 140.6 (0), 136.1 
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(0), 133.9 (0), 131.1 (0), 128.6 (2C,1), 128.5 (1), 128.4 (1), 128.3 (2C, 1), 127.0 (1), 126.0 

(1), 125.80 (2C, 1), 125.73 (1), 125.70 (1), 125.2 (1), 36.1 (2), 31.3 (2), 26.2 (3) ppm; MS 

(EI+) 272 (30%, M
+
). 181 (100), 165 (28). 

 

 

(E)-1-Phenyl-4-(p-tolyl)-3-octene [(E)-201f]: (Table 29; pin•like•protocol A) A stirred 

solution of carbamate (S)-194f (76 mg, 0.249 mmol, 96% ee) in anhydrous Et2O (1.0 mL) at 

-78 °C under Ar was treated dropwise with t-BuLi (0.19 mL, 1.50 M in pentane, 0.285 mmol) 

during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated dropwise 

with a solution of boronate (S)-196a (146 mg, 0.375 mmol, 1.5 eq, 97% ee) in anhydrous 

Et2O (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture 

was allowed to stir for 1 h at -78 °C and then allowed to warm to 5 °C during 16 h. Sat. aq. 

NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and separated. The 

aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic phases dried 

(Na2SO4) and concentrated in vacuo. The residue was treated with a methanolic solution of 

NaOH (1.0 mL, 0.5 M) and the mixture stirred for 16 h at rt. Sat. aq. NH4Cl (1 mL) and H2O 

(1 mL) were then added and the layers shaken and separated. The aqueous phase was 

extracted with EtOAc (3x3 mL) and the combined organic phases dried (Na2SO4) and 

concentrated in vacuo. The residue was purified by column chromatography (SiO2, eluting 

with 0-1% EtOAc in hexanes) to afford the title alkene [(E)-201f, 42.0 mg, 0.151 mmol, 60%] 

as a colorless oil. 
1
H NMR spectral analysis revealed E:Z = 90:10. IR (neat) 3063, 3027, 
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2957, 2929, 2872, 2859, 1686, 1605, 1512, 1497, 1454, 1378, 1030, 814, 748, 699 cm
–1

; 
1
H 

NMR (400 MHz, CDCl3) δ 7.32 (2H, tm, J = 7.4 Hz), 7.27-7.20 (5H, m), 7.13 (2H, d, J = 8.0 

Hz), 5.68 (1H, t, J = 7.2 Hz), 2.77 (2H, t, J = 7.4 Hz), 2.52 (2H, q, J = 7.8 Hz), 2.44 (2H, t, J 

= 7.3 Hz), 2.36 (3H, s), 1.32-1.22 (4H, m), 0.87 (3H, t, J = 7.0 Hz) ppm; 
13

C NMR (100 MHz, 

CDCl3) δ 142.3 (0), 140.9 (0), 140.6 (0), 136.2 (0), 129.0 (2C,1), 128.7 (2C,1), 128.5 (2C, 1), 

127.2 (1), 126.4 (2C, 1), 126.0 (1), 36.4 (2), 31.0 (2), 30.8 (2), 29.7 (2), 22.9 (2), 21.2 (3), 

14.4 (3) ppm; MS (ES+) 279 (M+H)
+
;  HRMS (ES+) m/z 279.2128 (calcd. for C21H27: 

279.2113). 

 

 

(Z)-1-Phenyl-4-(p-tolyl)-3-octene [(Z)-201f]: (Table 30; pin•unlike•protocol A) A stirred 

solution of carbamate (R)- 194f (76 mg, 0.249 mmol, 96% ee) in anhydrous Et2O (1.0 mL) at 

-78 °C under Ar was treated dropwise with t-BuLi (0.19 mL, 1.50 M in pentane, 0.285 mmol) 

during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated dropwise 

with a solution of boronate (S)-196a (146 mg, 0.375 mmol, 1.5 eq, 97% ee) in anhydrous 

Et2O (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture 

was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 15 h. Sat. aq. 

NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and separated. The 

aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic phases dried 

(Na2SO4) and concentrated in vacuo. The residue was treated with a methanolic solution of 

NaOH (1.0 mL, 0.5 M) and the mixture stirred for 16 h at rt. Sat. aq. NH4Cl (1 mL) and H2O 
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(1 mL) were then added and the layers shaken and separated. The aqueous phase was 

extracted with EtOAc (3x3 mL) and the combined organic phases dried (Na2SO4) and 

concentrated in vacuo. The residue was purified by column chromatography (SiO2, eluting 

with 0-1% EtOAc in hexanes) to afford the title alkene [(Z)-201f, 41.2 mg, 0.148 mmol, 59%] 

as a colorless oil. 
1
H NMR spectral analysis revealed E:Z = 33:67. IR (neat) 3063, 3027, 

2929, 2958, 2872, 2859, 1605, 1513, 1497, 1466, 1454, 1379, 1181, 1111, 1031, 821, 748, 

699 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.28 (2H, tm, J = 7.6 Hz), 7.20 (1H, tt, J = 7.3, 1.2 

Hz), 7.16-7.10 (4H, m), 6.96 (2H, d, J = 8.0 Hz), 5.48 (1H, t, J = 7.2 Hz), 2.67 (2H, t, J = 8.0 

Hz), 2.37 (3H, s), 2.36-2.25 (4H, m), 1.33-1.26 (4H, m), 0.89 (3H, t, J = 6.9 Hz) ppm; 
13

C 

NMR (100 MHz, CDCl3) δ 142.3 (0), 142.0 (0), 138.5 (0), 136.0 (0), 128.8 (2C,1), 128.7 

(2C,1), 128.37 (2C, 1), 128.34 (2C, 1), 126.0 (1), 125.8 (1), 39.2 (2), 36.6 (2), 31.0 (2), 30.5 

(2), 22.4 (2), 21.3 (3), 14.1 (3) ppm; MS (ES+) 279 (M+H)
+
; HRMS (ES+) m/z 279.1977 

(calcd. for C21H27: 279.2113). 

 

 

(E)-1,4-Diphenyl-6-methyl-3-heptene [(E)-201g]: (Table 29; neo•unlike•protocol B) A 

stirred solution of carbamate (R)-194g (102 mg, 0.350 mmol, 90% ee, 1.4 eq) in anhydrous 

Et2O (1.0 mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.21 mL, 1.43 M in 

pentane, 0.300 mmol, 1.2 eq) during 2 min. After stirring for 30 min, the resulting lithiated 

carbamate was treated dropwise with a solution of boronate (S)-196b (94 mg, 0.250 mmol, 

97% ee) in anhydrous Et2O (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. 
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The reaction mixture was allowed to stir for 1 h at -78 °C and then allowed to warm to rt 

during 10 h. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken 

and separated. The aqueous phase was extracted with EtOAc (3x3 mL) and the combined 

organic phases dried (Na2SO4) and concentrated in vacuo. The residue was taken up in PhMe 

(1 mL), heated to 80 °C, and stirred for 33 h. After this time, the reaction mixture was 

concentrated in vacuo and the residue was purified by column chromatography (SiO2, eluting 

with hexanes) to afford the title alkene [(E)-201g, 27.6 mg, 0.104 mmol, 42%] as a colorless 

oil. 
1
H NMR spectral analysis revealed E:Z > 98:2. IR (neat) 3082, 3061, 3027, 3003, 2954, 

2926, 2866, 1602, 1497, 1465, 1454, 1444, 1383, 1366, 1075, 1031, 764, 747, 698 cm
–1

; 
1
H 

NMR (400 MHz, CDCl3) δ 7.38-7.31 (6H, m), 7.30-7.23 (4H, m), 5.75 (1H, t, J = 7.2 Hz), 

2.80 (2H, t, J = 7.8 Hz), 2.57 (2H, q, J = 7.6 Hz), 2.41 (2H, d, J = 7.3 Hz), 1.61 (1H, nonet, J 

= 6.8 Hz), 0.87 (6H, J = 6.6 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 143.9 (0), 142.2 (0), 

140.4 (0), 129.2 (1), 128.7 (2C, 1), 128.5 (2C, 1), 128.3 (2C, 1), 126.74 (2C, 1), 126.66 (1), 

126.0 (1), 38.8 (2), 36.4 (2), 31.0 (2), 27.2 (1), 22.6 (2C, 3) ppm. 

 

 

(Z)-1,4-Diphenyl-6-methyl-3-heptene [(Z)-201g]: (Table 30; neo•like•protocol B) A stirred 

solution of carbamate (S)-194g (73 mg, 0.251 mmol, 92% ee) in anhydrous Et2O (1.0 mL) at 

-78 °C under Ar was treated dropwise with t-BuLi (0.20 mL, 1.37 M in pentane, 0.274 mmol) 

during 2 min. After stirring for 30 min, the resulting lithiated carbamate was treated dropwise 

with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 97% ee) in anhydrous Et2O (0.5 
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mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture was allowed 

to stir for 1 h at -78 °C and then allowed to warm to rt during 10 h. Sat. aq. NH4Cl (1 mL) 

and H2O (1 mL) were then added and the layers shaken and separated. The aqueous phase 

was extracted with EtOAc (3x3 mL) and the combined organic phases dried (Na2SO4) and 

concentrated in vacuo. The residue was taken up in PhMe (1 mL), heated to 80 °C, and 

stirred for 22 h. After this time, the reaction mixture was concentrated in vacuo and the 

residue was purified by column chromatography (SiO2, eluting with hexanes) to afford the 

title alkene [(Z)-201g, 17.4 mg, 0.066 mmol, 26%] as a colorless oil. 
1
H NMR spectral 

analysis revealed E:Z = 19:81. IR (neat) 3079, 3062, 3027, 2954, 2924, 2867, 2856, 1601, 

1494, 1464, 1454, 1442, 1383, 1366, 1069, 1030, 778, 763, 747, 700 cm
–1

; 
1
H NMR (400 

MHz, CDCl3) δ 7.32-7.15 (6H, m), 7.11 (2H, d, J = 7.2 Hz), 7.06-7.01 (2H, m), 5.45 (1H, t, J 

= 7.3 Hz), 2.66 (2H, t, J = 7.7 Hz), 2.27 (2H, q, J = 7.6 Hz), 2.20 (2H, d, J = 7.2 Hz), 1.45 

(1H, nonet, J = 6.8 Hz), 0.83 (6H, J = 6.6 Hz) ppm; 
13

C NMR (100 MHz, CDCl3) δ 142.2 (0), 

141.5 (0), 141.1 (0), 128.7 (2C, 1), 128.5 (2C, 1), 128.4 (2C, 1), 128.1 (2C,1), 127.6 (1), 

126.5 (1), 125.9 (1), 49.3 (2), 36.6 (2), 31.0 (2), 26.1 (1), 22.5 (2C, 3) ppm; MS (EI+) 264 

(22%, M
+
), 187 (35), 163 (35), 117 (57), 105 (100), 91 (90), 77 (37); HRMS (EI+) m/z 

264.1887 (calcd. for C20H24: 264.1878).  
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(E)-4-(3-Phenylpropylidene)chromane [(E)-201h]: (Table 29; neo•like•protocol A) A 

stirred solution of carbamate (S)-194h (69 mg, 0.249 mmol, 99% ee) in anhydrous Et2O (1.0 

mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.19 mL, 1.43 M in pentane, 0.272 

mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated 

dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in 

anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 6 

h. After this time, a methanolic solution of NaOH (1.0 mL, 0.5 M) was added and the mixture 

stirred for an additional 16 h at rt. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then added 

and the layers shaken and separated. The aqueous phase was extracted with EtOAc (3x3 mL) 

and the combined organic phases dried (Na2SO4) and concentrated in vacuo. The residue was 

purified by column chromatography (SiO2, eluting with 1-3% EtOAc in hexanes) to afford 

the title alkene [(E)-201h, 28.8 mg, 0.115 mmol, 46%] as a colorless oil. 
1
H NMR spectral 

analysis revealed E:Z = 92:8. IR (neat) 3062, 3028, 2924, 2876, 2858, 1604, 1574, 1496, 

1484, 1468, 1453, 1257, 1219, 1121, 1050, 752, 699 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 

7.51 (1H, dd, J = 7.9, 1.4 Hz), 7.32-7.25 (2H, m), 7.23-7.17 (3H, m), 7.11 (1H, td, J = 7.7, 

1.5 Hz), 6.87 (1H, tm, J = 7.9 Hz), 6.82 (1H, dm, J = 8.2 Hz), 6.08 (1H, tm, J = 7.5 Hz), 4.07 

(2H, t, J = 5.7 Hz), 2.77 (2H, t, J = 7.5 Hz), 2.55-2.47 (4H, m) ppm; 
13

C NMR (100 MHz, 

CDCl3) δ 154.4 (0), 141.9 (0), 129.1 (0), 128.7 (2C, 1), 128.53 (2C,1), 128.49 (1), 126.1 (1), 

123.9 (1), 123.1 (0), 121.5 (1), 120.9 (1), 117.5 (1), 66.4 (2), 36.0 (2), 29.8 (2), 26.0 (2) ppm; 

MS (ES+) 251 (M+H)
+
;  HRMS (ES+) m/z 251.1448 (calcd. for C18H19O: 251.1436).  
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(Z)-4-(3-Phenylpropylidene)chromane [(Z)-201h: (Chart 1; neo•like•protocol B) A stirred 

solution of carbamate (S)-194h (69 mg, 0.249 mmol, 99% ee) in anhydrous Et2O (1.0 mL) at 

-78 °C under Ar was treated dropwise with t-BuLi (0.19 mL, 1.43 M in pentane, 0.272 mmol) 

during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated dropwise 

with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in anhydrous 

PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture 

was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 6 h. The mixture 

was then heated at 80 °C for 16 h and then allowed to cool to rt. Sat. aq. NH4Cl (1 mL) and 

H2O (1 mL) were then added and the layers shaken and separated. The aqueous phase was 

extracted with EtOAc (3x3 mL) and the combined organic phases dried (Na2SO4) and 

concentrated in vacuo. The residue was purified by column chromatography (SiO2, eluting 

with 1-3% EtOAc in hexanes) to afford the title alkene [(Z)-201h, 28.7 mg, 0.115 mmol, 46%] 

as a colorless oil. 
1
H NMR spectral analysis revealed E:Z = 12:88. IR (neat) 3028, 2960, 

2921, 2877, 2852, 1735, 1604, 1496, 1484, 1469, 1451, 1303, 1248, 1222, 1121, 1041, 754, 

699 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.36 (1H, dd, J = 7.7, 1.5 Hz), 7.33-7.28 (2H, m), 

7.25-7.18 (3H, m), 7.15 (1H, ddd, J = 8.4, 7.7, 1.6 Hz ), 6.88-6.82 (2H, m), 5.39 (1H, tm, J = 

6.0 Hz), 4.32-4.27 (2H, m), 2.85-2.75 (4H, m), 2.55 (2H, t, J = 5.2 Hz) ppm; 
13

C NMR (100 

MHz, CDCl3) δ 154.8 (0), 141.9 (0), 129.7 (0), 129.0 (1), 128.64 (2C, 1), 128.56 (2C, 1), 

128.54 (1), 126.3 (1), 126.1 (1), 122.2 (0), 119.7 (1), 116.9 (1), 68.2 (2), 36.6 (2), 33.6 (2), 

31.1 (2) ppm; MS (ES+) 251 (M+H)
+
;  HRMS (ES+) m/z 251.1447 (calcd. for C18H19O: 

251.1436).  
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(E)-1-Cyclohexyl-2-phenylpropene [(E)-201i]: (Table 29; neo•like•protocol A) A stirred 

solution of carbamate (S)-194a (62 mg, 0.249 mmol, 97% ee) in anhydrous Et2O (1.0 mL) at 

-78 °C under Ar was treated dropwise with t-BuLi (0.19 mL, 1.43 M in pentane, 0.275 mmol) 

during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated dropwise 

with a solution of boronate (S)-196c (132 mg, 0.374 mmol, 1.5 eq, 97% ee) in anhydrous 

PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture 

was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 16 h. After this 

time, a methanolic solution of NaOH (1.0 mL, 0.5 M) was added and the mixture stirred for 

an additional 24 h at rt. Sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then added and the 

layers shaken and separated. The aqueous phase was extracted with EtOAc (3x3 mL) and the 

combined organic phases dried (Na2SO4) and concentrated in vacuo. The residue was 

purified by column chromatography (SiO2, eluting with 1-2% EtOAc in hexanes) to afford 

the title alkene [(E)-201i, 5.6 mg, 0.028 mmol, 11%] as a colorless oil. 
1
H NMR spectral 

analysis revealed E:Z = 97:3. IR (neat) 3058, 3023, 2924, 2851, 1599, 1494, 1448, 1380, 

1027, 894, 756, 696 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.39 (2H, dm, J = 7.7 Hz), 7.30 (2H, 

tm, J = 7.3 Hz), 7.20 (1H, tm, J = 7.3 Hz), 5.63 (1H, d, J = 9.0 Hz), 2.41-2.30 (1H, m), 2.05 

(3H, d, J = 1.0 Hz), 1.80-1.65 (5H, m), 1.40-1.10 (5H, m) ppm; 
13

C NMR (100 MHz, CDCl3) 

δ 144.3 (0), 134.8 (1), 133.0 (0), 128.3 (2C,1), 126.6 (1), 125.8 (2C, 1), 38.0 (1), 33.3 (2C, 2), 

26.4 (2), 26.2 (2C, 2), 16.0 (3) ppm. 
1
H NMR spectral data were in agreement with those 

previously reported.
91
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(Z)-1-Cyclohexyl-2-phenylpropene [(Z)-201i]: (Table 30; neo•like•protocol B) A stirred 

solution of carbamate (S)-194a (62 mg, 0.249 mmol, 97% ee) in anhydrous Et2O (1.0 mL) at 

-78 °C under Ar was treated dropwise with t-BuLi (0.19 mL, 1.43 M in pentane, 0.275 mmol) 

during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated dropwise 

with a solution of boronate (S)-196c (132 mg, 0.374 mmol, 1.5 eq, 97% ee) in anhydrous 

PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture 

was allowed to stir for 1 h at -78 °C and then allowed to warm to rt during 16 h. After this 

time, sat. aq. NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and 

separated. The aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic 

phases dried (Na2SO4) and concentrated in vacuo. The residue was dissolved in PhMe (1 mL), 

stirred at 80 °C for 16 h, and then concentrated in vacuo. The residue was purified by column 

chromatography (SiO2, eluting with 1-2% EtOAc in hexanes) to afford the title alkene 

[(Z)-201i, 9.6 mg, 0.048 mmol, 19%] as a colorless oil. 
1
H NMR spectral analysis revealed 

E:Z = 14:86. IR (neat) 3080, 3057, 3021, 2963, 2925, 2851, 1601, 1494, 1448, 1370, 1026, 

895, 764, 700 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.33 (2H, tm, J = 7.6 Hz), 7.24 (1H, tt, J 

= 7.2, 1.2 Hz), 7.18 (2H, dm, J = 8.3 Hz), 5.27 (1H, dm, J = 10.0 Hz), 2.06-2.01 (1H, m), 

2.00 (3H, d, J = 1.2 Hz), 1.67-1.55 (5H, m), 1.18-1.02 (5H, m) ppm; 
13

C NMR (100 MHz, 

CDCl3) δ 142.9 (0), 134.4 (0), 134.2 (1), 128.2 (2C,1), 128.0 (2C,1), 126.5 (1), 37.7 (1), 33.8 

(2C, 2), 26.2 (2), 26.0 (3), 25.9 (2C, 2) ppm. 
1
H NMR spectral data were in agreement with 

those previously reported.
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(1S,5R)-6,6-Dimethyl-2-[(E)-2-phenylprop-1-en-1-yl)bicyclo[3.1.1]hept-2-ene [(E)-213]: 

(Scheme 17) A stirred solution of carbamate (R)-194a (62 mg, 0.249 mmol, 97% ee) in 

anhydrous Et2O (1.0 mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.20 mL, 

1.37 M in pentane, 0.274 mmol) during 2 min. After stirring for 20 min, the resulting 

lithiated carbamate was treated dropwise with a solution of boronate (10S)-212 (122 mg, 

0.301 mmol, 1.2 eq) in anhydrous Et2O (0.5 mL; + 2x0.25 mL to rinse the dispensing vessel) 

during 3 min. The reaction mixture was allowed to stir for 1 h at -78 °C, neat B(OMe)3 

(0.042 mL, d = 0.92, 39 mg, 0.372 mmol) was added, and the mixture was allowed to warm 

to 4 °C and stirred for 18 h. After this time, sat. aq. NH4Cl (1 mL) and H2O (1 mL) were 

added and the layers shaken and separated. The aqueous phase was extracted with EtOAc 

(3x3 mL) and the combined organic phases dried (Na2SO4) and concentrated in vacuo. The 

residue was dissolved in PhMe (1 mL), stirred at 80 °C for 26 h, and then concentrated in 

vacuo. The residue was purified by column chromatography (SiO2, eluting with hexanes) to 

afford the title alkene [(E)-213, 31.9 mg, 0.134 mmol, 54%] as a colorless oil. 
1
H NMR 

spectral analysis revealed E:Z = 96:4. [α]D
20

 +12.9 (c 1.77, CHCl3); IR (neat) 3080, 3056, 

3021, 2984, 2970, 2946, 2915, 2878, 2829, 1597, 1494, 1466, 1445, 1430, 1381, 1365, 1266, 

1027, 963, 887, 755, 695 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 7.44 (2H, dm, J = 7.8 Hz), 

7.33 (2H, tm, J = 7.8 Hz), 7.24 (1H, tm, J = 7.2 Hz), 6.18-6.16 (1H, m), 5.63-5.59 (1H, m), 

2.51-2.41 (3H, m), 2.36 (1H, td, J = 5.6, 1.0 Hz), 2.22 (3H, s), 2.19-2.13 (1H, m), 1.35 (3H, 

s), 1.31 (1H, d, J = 8.6 Hz), 0.96 (3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 145.9 (0), 

144.4 (0), 134.7 (0), 128.9 (1), 128.3 (2C, 1),  126.8 (1), 126.0 (2C,1), 123.0 (1), 47.2 (1), 
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40.7 (1), 38.0 (0), 32.3 (2), 31.9 (2), 26.6 (3), 21.5 (3), 18.1 (3) ppm. 
1
H and 

13
C NMR 

spectral data were in agreement with those previously reported.
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(1S,5R)-6,6-Dimethyl-2-[(Z)-2-phenylprop-1-en-1-yl)bicyclo[3.1.1]hept-2-ene [(Z)-213]: 

(Scheme 17) A stirred solution of carbamate (S)-194a (62 mg, 0.249 mmol, 97% ee) in 

anhydrous Et2O (1.0 mL) at –78 °C under Ar was treated dropwise with t-BuLi (0.20 mL, 

1.37 M in pentane, 0.274 mmol) during 2 min. After stirring for 20 min, the resulting 

lithiated carbamate was treated dropwise with a solution of boronate (10S)-212 (122 mg, 

0.301 mmol, 1.2 eq) in anhydrous Et2O (0.5 mL; + 2x0.25 mL to rinse the dispensing vessel) 

during 3 min. The reaction mixture was allowed to stir for 1 h at –78 °C and then the mixture 

was allowed to warm to 4 °C and stirred for 18 h. After this time, sat. aq. NH4Cl (1 mL) and 

H2O (1 mL) were added and the layers shaken and separated. The aqueous phase was 

extracted with EtOAc (3x3 mL) and the combined organic phases dried (Na2SO4) and 

concentrated in vacuo. The residue was dissolved in PhMe (1 mL), stirred at 80 °C for 26 h, 

and then concentrated in vacuo. The residue was purified by column chromatography (SiO2, 

eluting with hexanes) to afford the title alkene [(Z)-213, 39.6 mg, 0.166 mmol, 66%] as a 

colorless oil. 
1
H NMR spectral analysis revealed E:Z = 25:75. [α]D

20
 -82.1 (c 2.52, CHCl3); 

IR (neat) 3079, 3056, 3012, 2984, 2970, 2948, 2913, 2876, 2829, 1494, 1466, 1443, 1431, 

1381, 1373, 1364, 1266, 1027, 887, 879, 766, 756, 700 cm
–1

; 
1
H NMR (400 MHz, CDCl3) δ 

7.30-7.21 (3H, m), 7.16-7.12 (2H, m), 6.06-6.04 (1H, m), 5.44 (1H, br s), 2.28-2.23 (2H, m), 
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2.14-2.09 (1H, m), 2.09 (3H, s), 1.98-1.92 (1H, m), 1.66 (1H, td, J = 5.7, 1.5 Hz), 1.04 (1H, d, 

J = 8.7 Hz), 1.00 (3H, s), 0.84 (3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 146.3 (0), 143.2 

(0), 135.0 (0), 128.6 (2C, 1), 128.5 (1),  127.9 (2C,1), 126.8 (1), 124.4 (1), 44.2 (1), 40.4 (1), 

37.4 (0), 32.2 (2), 32.0 (2), 27.0 (3), 26.3 (3), 21.2 (3) ppm. 
1
H and 

13
C NMR spectral data 

were in agreement with those previously reported.
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Proof of Stereochemistry for lk-199b (Scheme 14) 

 

(2S,3R)-3-[(Diisopropylamino)carbonyloxy]-2-hydroxy-2,5-diphenylpentane (202): A 

stirred solution of carbamate (S)-194a (62 mg, 0.249 mmol, 97% ee) in anhydrous Et2O (1.0 

mL) at -78 °C under Ar was treated dropwise with t-BuLi (0.18 mL, 1.56 M in pentane, 0.281 

mmol) during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated 

dropwise with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in 

anhydrous PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The 

reaction mixture was allowed to stir for 1 h at –78 °C and then the cooling bath was removed 

and stirring continued at rt for 4 h. Sat. aq. NH4Cl (1 mL) and H2O (3 mL) were added and 

the layers shaken and separated. The aqueous phase was extracted with EtOAc (3x3 mL) and 

the combined organic phases dried (Na2SO4) and concentrated in vacuo. The residue was 

dissolved in THF (2 mL), cooled to 0 °C, treated with aq. NaOH (0.50 mL, 1.0 M, 0.50 mmol) 

and 30wt.% aq. H2O2 (0.09 mL, 0.80 mmol), and stirred for 4 h while warming to rt. Sat. aq. 
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NH4Cl (1 mL) and H2O (3 mL) were added and the mixture extracted with EtOAc (3x3 mL). 

The combined organic phases were dried (Na2SO4) and concentrated in vacuo. The residue 

was purified by column chromatography (SiO2, eluting with 3-15% EtOAc in hexanes) to 

yield the title compound (202, 55.3 mg, 0.144 mmol, 58%) as a colorless oil. [α]D
20 

+26.3 (c 

1.19, CHCl3); IR (neat) 3455, 3027, 2970, 2933, 2873, 1670, 1497, 1480, 1445, 1378, 1369, 

1352, 1300, 1216, 1158, 1135, 1049, 1029, 762, 700 cm
–1

; 
1
H NMR (700 MHz, CDCl3) δ 

7.45 (2H, d, J = 7.4 Hz), 7.32 (2H, t, J = 7.8 Hz), 7.24 (1H, tm, J = 7.4 Hz), 7.22 (2H, t, J = 

7.6 Hz), 7.15 (1H, t, J = 7.4 Hz), 7.05 (2H, d, J = 7.4 Hz), 5.17 (1H, dm, J = 9.6 Hz), 4.02 

(1H, br s), 3.93 (1H, br s), 2.90 (1H, br s), 2.62 (1H, ddd, J = 14.6, 10.8, 4.8 Hz), 2.45 (1H, 

ddd, J = 13.9, 10.4, 6.5 Hz), 1.95-1.87 (1H, m), 1.68 (1H, dddd, J = 16.9, 10.6, 6.5, 2.2 Hz), 

1.56 (3H, s), 1.30-1.24 (12H, m) ppm; 
13

C NMR (100 MHz, CDCl3) δ 155.8 (0), 144.7 (0), 

141.8 (0), 128.43 (2C, 1), 128.42 (2C, 1), 128.2 (2C, 1), 126.9 (1), 125.9 (1), 125.5 (2C, 1), 

80.5 (1), 46.5 (1), 45.9 (1), 32.6 (2), 31.4 (2), 28.0 (3), 21.8 (2C, 3), 20.8 (3), 20.6 (3) ppm 

(MePhC(OH)R obscured); MS (ES+) 384 (M+H)
+
; HRMS (ES+) m/z 384.2547 (calcd. for 

C24H34NO3: 384.2539). 

 

 

(2S,3S)-2-Methyl-2-phenyl-3-(2-phenylethyl)oxirane (203): Hydroxycarbamate 202 (33 

mg, 0.086 mmol) was dissolved in dry DMF (1 mL) and treated with 60 wt.% NaH (40 mg, 

1.00 mmol) at rt. The resulting suspension was stirred at 100 °C for 13 hours and then 

allowed to cool to rt. Sat. aq. NH4Cl (2 mL) and H2O (1 mL) were added and the mixture 

extracted with EtOAc (3x3 mL). The combined organic phases were washed with brine (2 

mL), dried (Na2SO4), and concentrated in vacuo. The residue was purified by column 
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chromatography (SiO2, eluting with 5-10% EtOAc in hexanes) to yield epoxide 203 (10.0 mg, 

0.042 mmol, 49%) as a light yellow oil. [α]D
20 

–59.2 (c 1.00, CHCl3); IR (neat) 3063, 3029, 

3001, 2965, 2928, 2858, 1604, 1496, 1455, 1381, 1028, 749, 699 cm
–1

; 
1
H NMR (700 MHz, 

CDCl3) δ 7.34-7.29 (4H, m), 7.29-7.25 (3H, m), 7.25-7.20 (3H, m), 2.92 (1H, ddd, J = 14.0, 

8.5, 5.7 Hz), 2.87 (1H, t, J = 6.2 Hz), 2.77 (1H, dt, J = 13.9, 8.2 Hz), 2.11-2.06 (1H, m), 1.97 

(1H, dq, J = 14.6, 7.8 Hz), 1.50 (3H, s) ppm; 
13

C NMR (100 MHz, CDCl3) δ 143.1 (0), 141.4 

(0), 128.68 (2C, 1), 128.67 (2C, 1), 128.4 (2C, 1), 127.4 (1), 126.3 (1), 125.2 (2C, 1), 66.6 (1), 

61.0 (0), 32.9 (2), 31.2 (2), 17.8 (3) ppm; MS (ES+) 239 (M+H); HRMS (ES+) m/z 239.1465 

(calcd. for C17H19O: 239.1436). The illustrated NOESY correlations establish the cis 

relationship between the methyl and phenethyl groups, and the cis relationship between the 

oxiranyl H-atom and phenyl group. 

 

Characterization of the Side Product 207 (Equation 6) 

 

2,2-Dimethyl-3-(1-(naphthalen-1-yl)ethoxy)propan-1-ol (207, Equation 6): A stirred 

solution of carbamate (S)-194e (75 mg, 0.251 mmol, 96% ee) in anhydrous Et2O (1.0 mL) at 

-78 °C under Ar was treated dropwise with t-BuLi (0.21 mL, 1.33 M in pentane, 0.279 mmol) 

during 2 min. After stirring for 20 min, the resulting lithiated carbamate was treated dropwise 

with a solution of boronate (S)-196b (141 mg, 0.376 mmol, 1.5 eq, 97% ee) in anhydrous 

PhMe (0.5 mL; + 2x0.25 mL to rinse dispensing vessel) during 3 min. The reaction mixture 

was allowed to stir for 1 h at -78 °C.
 
The cooling bath was removed and the reaction mixture 
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was allowed to warm to rt and stirred for 10 h. After this time, a methanolic solution of 

NaOH (1.0 mL, 0.5 M) was added and the mixture stirred for an additional 18 h at rt. Sat. aq. 

NH4Cl (1 mL) and H2O (1 mL) were then added and the layers shaken and separated. The 

aqueous phase was extracted with EtOAc (3x3 mL) and the combined organic phases dried 

(Na2SO4) and concentrated in vacuo. The residue was taken up in PhMe (1 mL), heated to 

80 °C, and stirred for 42 h. After this time, the reaction mixture was concentrated in vacuo 

and the residue was purified by column chromatography (SiO2, eluting with 5-10% EtOAc in 

hexanes) to afford the title alcohol (207, 39.1 mg, 0.151 mmol, 60 %) as a colorless oil. IR 

(neat) 3429, 3050, 2970, 2931, 2872, 1618, 1597, 1511, 1474, 1443, 1395, 1369, 1326, 1172, 

1105, 1081, 1058, 801, 778 cm
–1

; 
1
H NMR (700 MHz, CDCl3) δ 8.16 (1H, d, J = 8.0 Hz), 

7.90-7.87 (1H, m), 7.79 (1H, d, J = 8.0 Hz), 7.57-7.45 (4H, m), 5.13 (1H, q, J = 6.5 Hz), 3.54, 

3.52 (2H, d of ABq, JAB = 10.7, 4.8 Hz), 3.27, 3.24 (2H, ABq, JAB = 8.9 Hz), 2.83 (1H, t, J = 

5.6 Hz), 1.63 (3H, d, J = 6.5 Hz), 0.94 (3H, s), 0.90 (3H, s) ppm; 
13

C NMR (100 MHz, 

CDCl3) δ 139.2 (1c, 0), 134.1 (1c, 0), 130.9 (1c, 0), 129.1 (1c, 1), 128.1 (1c, 1), 126.1 (1c,1), 

125.7 (2C,1), 123.6 (1c, 1), 123.4 (1c, 1), 78.5 (1c, 2), 77.0 (1c, 1), 72.2 (1c, 2), 36.3 (1c, 0), 

23.6 (1c, 3), 22.2 (1c, 3), 22.0 (1c, 3) ppm; MS(EI+) 258 (52%, M
+
), 171(50), 155(100); 

HRMS (EI+) m/z 258.1635 (calcd for C17H22O2 (M+H): 258.1620). 
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