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A B S T R A C T

A series of base-free Pd-catalyzed borylation procedures are reported for a number of alkenyl carboxylates, with 
pivalates generally outperforming their acetate counterparts. High-throughput experimentation was used to 
discover and optimize these reactions using in situ generated catalyst systems. Mechanistic studies identified C–O 
oxidative addition to Pd(0) as the turnover-limiting step, with a variety of rates observed depending on substrate 
structure. One exemplar oxidative addition complex was isolated and fully characterized, including by X-ray 
crystallography. This complex undergoes rapid and complete reaction with excess B2Pin2 at room temperature, 
confirming that no exogeneous base is required for transmetallation with the Pd(II) pivalate intermediate. 
Notably, gamma-lactone and lactam substrates lead to unstable alkenyl pinacol boronates, which undergo 
protodeboronation under acidic and basic aqueous conditions. Optimization of this protodeboronation resulted 
in a mild, two-step reduction of the C–O bond, achieving net-deoxygenation while leaving the alkene intact. In 
contrast, use of an alternative tetraalkoxydiboron source – B2EPin2 – was successful in catalysis, and offered 
improved stability of the resulting organoboron species. This enables further reactivity, such as cross-coupling, 
without competing protodeboronation.

1. Introduction

Installation of boron-based functional groups is a valuable method
ology, particularly in the context of metal-catalyzed cross-coupling 
[1–7]. Although numerous reactions utilize organoboron intermediates, 
Suzuki-Miyaura coupling is the most widespread, as it remains one of the 
most reliable methods for forming C–C bonds [8–16]. Accordingly, a 
plethora of methods to install a suitable boron-based unit are known 
[17–21]. Since seminal work from Miyaura [22], Pd-catalyzed bor
ylation of organohalides and pseudo halides (such as triflates) is often 
used achieve this [23,24], typically with a tetraalkoxydiboron source 
(such as B2Pin2 or an alternative) [25] and a weak base (such as KOAc or 
other carboxylate bases) [26–28] to complete the catalytic cycle. 
Importantly, the vast majority of these reactions rely on the aforemen
tioned halide or triflate electrophiles to accomplish this transformation.

Two ways to improve Pd-catalyzed borylation are to utilize alter
native, non-halide electrophiles, and to eliminate the need for insoluble 
inorganic bases. For the former, simple oxygen based leaving groups 
such as alkoxyl or carboxyl are advantageous from an accessibility/ 

installation standpoint [29,30]; however, the required C–O activation is 
kinetically difficult [31], limiting the reported examples of C–O bor
ylation to select systems based on Rh [32–34], Ni [35–39], and Fe 
(Fig. 1a) [40,41]. For the latter, conditions that use homogeneous bases, 
or no base at all, would greatly improve reliability and scalability of 
these reactions, an important consideration in pharmaceutical process 
chemistry [42–44].

In both cases, carboxylate leaving groups offer several advantages 
[45]. They are easily installed by simple acylation, and the intermediacy 
of a Pd(II) carboxylate after C–O oxidative addition means that exoge
nous base should not be required. However, since carboxylates contain 
two C–O bonds for Pd(0) to react with, an additional selectivity hurdle 
needs to be overcome. Accordingly, to the best of our knowledge there is 
a single, Rh-based catalytic system able effect borylation with 
carboxylate-based electrophiles [32].

While the Newman group has selectively activated the acyl C–O bond 
using Pd catalysis [31], a 2020 publication by our lab has shown that Pd 
(0) can selectively insert into the desired aryl/alkenyl C–O bond in 
heteroaryl and alkenyl carboxylates [46]. This was then applied to 
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Pd-catalyzed reactions of alkenyl carboxylates and phenyl boronic acids 
without the use of a base (Fig. 1b) [47]. We have since expanded this 
reactivity to tandem C–O/C–H activation for base-free direct alkenyla
tion [48].

Herein, we expand on a prior communication [49] regarding 
Pd-catalyzed Miyaura borylation of alkenyl carboxylates. We have 
developed several Pd-catalyzed borylation procedures (Fig. 1c), 
including using an air-stable Pd precatalyst (DMPDAB–Pd–MAH) recently 
developed within our group [50]. We have also investigated the proto
deboronation of alkenyl boronate esters derived from γ-lactones and 
γ-lactams. Using the standard BPin group, protodeboronation is readily 
achieved using biphasic hydrolysis under mildly basic conditions. 
Optimization of this deboronation results in a net reductive deoxygen
ation of the precursor enols, using conditions that leave the C––C bond 
intact. In contrast, use of the recently reported B2EPin2 under our cat
alytic conditions gives stable organoboron compounds that can be used 
further [51].

2. Results and discussion

2.1. Borylation conditions for multiple substrate classes

Our prior work on Pd-catalyzed Suzuki-Miyaura coupling with 
alkenyl carboxylates yielded two viable catalytic systems, both of which 
operate base-free [47]. One in situ system with Pd(OAc)2 and tris 
(ortho-methoxyphenyl)phosphine functioned open to air, at room tem
perature, and in the presence of water, potentially through a 
redox-neutral Pd(II)-based mechanism [52–54]. The other system in
volves a single component Pd(0) catalyst, Pd(PCy3)2, which functioned 
at higher temperatures, through a more typical Pd(0)/(II) mechanism 
[47]. To determine if additional Pd/ligand combinations would yield 
product in a base-free Miyaura borylation, we conducted a series of 

microscale high-throughput screening experiments against multiple 
classes of alkenyl carboxylate electrophiles (Fig. 2).

Our screening approach was two-pronged. First, dimedone-derived 
alkenyl acetate 1a was reacted with B2Pin2 at elevated temperature 
with twenty in situ catalyst combinations involving four Pd precatalysts 
and five ligands. We explored two Pd(II) and two Pd(0) precatalysts, 
including DMPDAB-Pd-MAH [50], a precatalyst developed within our 
group. These precatalysts were assessed with five ligands: P(o-MeOPh)3 
and PCy3 (both successful in the prior Suzuki-Miyaura coupling method) 
[47], as well as SPhos, dppf and XPhos. Control experiments without 
ligand resulted in little to no product formation (SI -Figure S1), and a 
further control experiment without Pd also yielded no product. Many 
combinations yielded product, but generally Pd(II) sources out
performed Pd(0) sources. Pd(OAc)2 and SPhos was the best in situ 
combination (62 % solution yield), and was taken forward in further 
optimization. We also evaluated a single component Pd precatalyst Pd 
(PCy3)2 that also yielded comparable product formation (SI - Figure S1) 
[55].

The second round of screening aimed at identifying an in situ catalyst 
system for borylation of six γ-lactone and γ-lactam alkenyl pivalate 
substrates (2b-2g). The choice of pivalate as opposed to acetate was 
informed by further exploration of the dimedone-based system (vide 
infra). We opted to explore electronic effects by changing the para 
substituent on the phenyl ring at the α position. The aryl was either 
unsubstituted (-H) or substituted with an electron-withdrawing (-CF3) or 
electron-donating (-OMe) group. The resulting 6 compounds were 
evaluated with the same twenty in situ combinations of Pd and ligands 
(Fig. 2). Many combinations facilitated borylation; however, in contrast 
to 1a, the lactone and lactam substrates generally preferred Pd(0) over 
Pd(II) sources. Control experiments with no catalyst again yielded no 
borylated product. With respect to ligand effects, every Pd source when 
combined with PCy3 facilitated borylation to some extent. Notably, 
lactone substrates (2b-d) have generally higher reactivity than their 
lactam counterparts (2e-g): XPhos and SPhos performed reasonably well 
with the former set, but were generally ineffective for the latter set. 
Taken holistically, these results reveal that the combination of DMPDAB- 
Pd-MAH and PCy3 performed well among all six substrates, with solu
tion yields of the organoboron products between 61 and 98 %.

Moving ahead, full factorial multivariate optimization was chosen to 
quickly obtain improved conditions for the Pd(OAc)2/SPhos in situ sys
tem (Fig. 3). Three variables were chosen for evaluation: concentration 
of Pd, concentration of ligand, and concentration of B2Pin2. Notably, 
excess ligand (3 equiv. to Pd) reduced yield with both the 4 and 10 mol% 
Pd(OAc)2 reactions. This is consistent with a monoligated Pd(0) species 
as the active catalyst. In all cases, increasing the B2Pin2 in the reaction 
mixture improved yields of 3a, while only marginally increasing the 
conversion. Optimal conditions were found to be 0.2 M 1a, 10 mol% Pd 
(OAc)2, 15 mol% SPhos, and two equivalents of B2Pin2, giving 71 % 
solution yield, but only 89 % conversion.

While this result was satisfactory in yield, the high Pd loading 
(turnover number (TON) = 7) and incomplete conversion were con
cerning. Furthermore, increasing [1a] while maintaining constant 
[catalyst] did lead to higher TON (up to 18), but also led to diminished 
yields of 3a, which we attribute to competitive decomposition of 1a. To 
correct this, we evaluated the more sterically-hindered, electron-rich 
alkenyl pivalate derivate 2a at a concentration of 0.8 M. This greatly 
improved the yield of 3a (72 % solution yield), the mass balance, and the 
TON (29).

Full factorial multivariate optimization was also performed for sub
strates 2b-g with the DMPDAB-Pd-MAH/PCy3 in situ system. A simplified 
two factor, two level design, in catalyst loading and B2Pin2 equivalents 
was conducted (Fig. 4). The Pd:PCy3 ratio was held steady at 1:2. We 
found that the best conditions are dependent on the motif. Consistent 
with initial screening, γ-lactams are less reactive, requiring both higher 
catalyst loading (5 mol%) and two equivalents of B2Pin2 (92–98 % so
lution yields) (Method D). In an effort to reduce B2Pin2, and therefore 

Fig. 1. a) Prior catalytic strategies for C–O borylation; b) C–O activation in C–C 
bond formation with arylboronic acids; c) an evaluation of catalytic systems for 
borylation involving C–O activation, including comparable reactivity of two 
systems with both BPin and BEPin synthetic handles.
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downstream pinacol-containing impurities, an additional data point (5 
mol% [Pd] and 1.6 equiv B2Pin2) was collected for 2e-g; however, this 
resulted in reduced yield for 2f. The γ-lactones 2b-d had similar results 
with 2.0 mol% [Pd] and two equiv B2Pin2, and 3.5 mol% [Pd] and 1.6 
equiv B2Pin2; the latter was denoted as Method E because excess B2Pin2 
has been found to hamper purification in further steps [56].

After these two targeted optimizations, we wanted to evaluate the 
utility of these procedures against the two methods our group had used 
previously for C–O activation in Suzuki-Miyaura coupling. For this 
assessment, we prepared twelve alkenyl carboxylates, including six 
main motifs with both acetate and pivalate leaving groups. Specifically, 
these are the previously described dimedone-derived substrates (1/2a), 
the γ-lactones (1/2b) and γ-lactams (1/2e), along with cyclopentanone 
derived substrates (1/2h), coumarins (1/2i) and pyrones (1/2j). These 
substrates were subjected to six reaction conditions, with Methods A-D 
shown in Fig. 5 (two additional Methods F & G shown in SI - Figure S2). 
Method A was previously used in Pd(II) catalyzed C–O activation cross- 
coupling, Method B is the Pd(OAc)2/SPhos system optimized for 1/2a, 
Method C was previously used for Pd(0) catalyzed C–O activation cross- 
coupling, and Method D is the DMPDAB-Pd-MAH/PCy3 system (5 mol% 
loading) optimized for 2e-2g. Each of the alkenyl pinacol boronate 
compounds were characterized (NMR, HRMS) without purification, as 
attempts to use column chromatography or selective extractions led to 
product decomposition (vide infra) and/or pinacol-containing impurities 
remaining; this latter issue is a known problem when synthesizing BPin- 
containing molecules [1].

Overall, alkenyl pivalate substrates performed uniformly better than 
their alkenyl acetate counterparts, and no method proved optimal across 

all evaluated substrates. For the formation of 3a, Method B proved to be 
best, which is consistent with our multivariate optimization; however, 
this method appears to be specific to the dimedone motif, as these 
conditions failed to borylate the similar cyclopentenone 1/2h, and 
provided low yields for the other motifs. Method D proved to be best for 
the formation of 3b and 3e from the corresponding pivalates; however, 
Method C (which uses the same PCy3 ligand) gave similar, albeit slightly 
lower yields with higher catalyst loading. Furthermore, while Pd(PCy3)2 
is commercially available, its air sensitivity is a practical limitation; 
DMPDAB-Pd-MAH is air stable and readily substitutes its N,N′-bis(2,6- 
dimethylphenyl)-1,4-diazabutadiene (DMPDAB) ligand for phosphine li
gands [50]. For the formation of 3h from the corresponding pivalate, 
Method A was best, which is again specific to this motif. Finally, for
mation of 3i and 3j was best using Method C. Given the success of 
PCy3-based systems, we also evaluated Pd(OAc)2(PCy3)2 as a single 
component Pd(II) source. This complex has been observed to reduce in 
situ to Pd(PCy3)2 in the presence of B2Pin2 [55]; however, this ultimately 
proved inferior to Pd(PCy3)2 (Methods F & G, SI - Figure S2).

As borylated compounds are usually targeted as synthetic in
termediates, we chose to assess the newly formed alkenyl pinacol bor
onates in preparative scale Suzuki-Miyaura cross-coupling reactions. 
Enol pivalates 2a, b, e, h-j were first borylated at a 1 mmol scale via the 
best Method from Fig. 5 (2b and 2e borylated using Method C) to obtain 
the respective organoboron compounds 3a, b, e, h-j. These were then 
subject to a typical (and unoptimized) Suzuki-Miyaura cross-coupling 
protocol, allowing the isolation of the arylated product 5a, h-j in mod
erate yields (Fig. 6). However, coupling reactions with 3b and 3e 
resulted in low yields of the respective arylated products: coupling of 3b 

Fig. 2. Catalyst screening for the borylation of 1a, 2b-2g. Yield determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene internal standard.
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resulted in a negligible yield (<2 % isolated) and 4b observed as the 
major product, while coupling of 3e resulted as an inseparable mixture 
of arylated and deboronated products (49 % yield of a 3.33 : 1 mixture of 
5e and 4e). In other words, the protodeboronated products (4b and 4e) 
are observed as the major species in these reactions.

2.2. Mechanistic studies

The results in Fig. 5 generate several mechanistic questions. First 
among these is the reason for alkenyl pivalate substrates universally 
outperforming their acetate counterparts. Our initial hypothesis was 
that starting material decomposition is a significant issue with the ace
tate leaving group. We thought this would proceed either via direct 
hydrolysis (by adventitious water), or via competitive Cacyl–O oxidative 
addition to Pd(0) to generate an O-bound Pd(II) enolate. We previously 
observed this latter pathway for coumarin (1i) and pyrone (1j) acetates 
in stoichiometric oxidative addition experiments [46]. To test this hy
pothesis for other substrates, we subjected dimedone-derived alkenyl 
carboxylates 1a (OAc) and 2a (OPiv) to the Method B reaction condi
tions in the absence of B2Pin2, and analyzed the outcome by 1H NMR 
spectroscopy. For 1a, we observe an approximately 1:1 mixture of 
unreacted alkenyl acetate to a second species we assign as an enol iso
mer (1a’) generated via intramolecular acyl transfer (eq. (1)). Impor
tantly, the corresponding alkenyl pivalate 2a is largely unperturbed 
under analogous conditions. An analogous experiment comparing the 

stability of lactone substrates 1b (OAc) and 2b (OPiv) under Method D 
conditions (without addition of B2pin2) revealed no change to the con
centration of either substrate. However, our previous observation of 
Cacyl – O oxidative addition as a competitive pathway for alkenyl acetate 
substrates led us to prioritize the alkenyl pivalate substrates for further 
study [46]. 

Fig. 3. Multivariate optimization of the borylation of 1a. Conversion and yield 
determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene inter
nal standard.

Fig. 4. Full factorial optimization of the borylation of 2b-2g. Yield was 
determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene internal 
standard. Grey cells indicate reactions not performed under these conditions.

Fig. 5. Comparison of Pd-catalyzed methods for base-free Miyaura borylation 
of alkenyl acetate and pivalate substrates. Substrate loading: 0.12 mmol for 
Methods A, C-D, 0.88 mmol for Method B. Yields determined by 1H NMR 
spectroscopy using 1,3,5-trimethoxybenzene internal standard.
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(1) 

The second major mechanistic question is why different alkenyl 
pivalate substrates function best under different catalytic methods (A, B, 
C, or D). Whether using a Pd(II) or Pd(0) source, it is likely that these 
reactions all proceed via a Pd(0)/(II) catalytic cycle, with Pd(II) pre
cursors undergoing reduction by B2Pin2 to initiate catalysis [55]. Since 
C–O oxidative addition to Pd(0) is likely to be turnover-limiting in these 
reactions, we studied the stoichiometric oxidative addition of the six 
pivalate substrates from Fig. 5 (2a, b, e, h-j) using in situ 31P{1H} NMR 
spectroscopy (Fig. 7). We used Pd(PCy3)2 as the Pd(0) precursor due to 
its relevant to Methods C and D, where it is used directly (C) or gener
ated in situ (D); these methods are also the most general, with 2a and 2h 
as ‘outliers’ in requiring Methods B and A respectively. Oxidative 
addition rates are established by tracking the consumption of Pd(PCy3)2 
as well as the generation of a new 31P-containing species, which we 
assign as the oxidative addition complexes 7. As support for these as
signments, the 31P NMR chemical shift for compound 7j was identical to 
that previously determined by our group on an isolated sample [46]. We 
also previously isolated and characterized a close analogue of 7a 

(derived from the alkenyl pivalate of cyclohexa-1,3-dione) [48], which 
exhibits a very similar 31P NMR chemical shift to that observed here. 31P 
{1H} NMR spectral data for each oxidative addition time-course exper
iment is given in the Supplementary Information.

From these data, it is clear that substrate structure has a significant 
effect on oxidative addition rates, which span at least two orders of 
magnitude under these conditions (Table 1). Furthermore, the pro
pensity for each substrate to undergo oxidative addition, as well as the 
stability of the resulting complex, offer insights into why specific 
methods are most suitable for borylation. On one end of the reactivity 
scale, dimedone-derived substrate 2a is nearly inert under these con
ditions, with no 7a observed after 3 h; however, after 20 h we observe 
25 % consumption of Pd(PCy3)2 and concomitant formation of 7a, 
though only in trace amounts. This is consistent with our prior studies on 
alkenyl pivalate oxidative addition, which established that 60–80 ◦C and 
24–72 h is required for C–O activation of similar cyclohexanone sub
strates[47,48]. Since 2a is so poorly reactive toward Pd(PCy3)2 vis-à-vis 
the other substrates, it is reasonable that alternative conditions 
employing a more advanced phosphine ligand (SPhos, identified during 
targeted screening) would be more effective. The recalcitrance of 2a to 
undergo C–O oxidative addition also explains why Pd(II) sources appear 
superior: the two Pd(0) sources tested contain electron-deficient alkene 
stabilizers (dba, MAH), which may act as competitive inhibitors to 
further reduce the rate of C–O oxidative addition.

In contrast, the cyclopentenyl substrate 2h exhibits rapid oxidative 
addition reactivity with Pd(PCy3)2 under these conditions; however, we 
observe two new signals in the 31P{1H} NMR spectra (one ‘major’ and 
one ‘minor’) rather than one. Furthermore, these species both degrade 
after 20 h at 50 ◦C (some decomposition is already evident from 2 to 3 
h). It therefore appears that the oxidative addition intermediate derived 

Fig. 6. Suzuki-Miyaura cross-coupling of prepared alkenyl boronates. Yields 
are for isolated compounds over two steps after column chromatography.

Fig. 7. Initial rates (over 3 h) for oxidative addition of alkenyl pivalates 2a, b, e, h-j to Pd(PCy3)2 at 50 ◦C. Reaction progress monitoring performed by in situ 31P{1H} 
NMR spectroscopy using a sealed capillary of PPh3 dissolved in C6D6 as an internal standard.

Table 1 
Relative oxidative addition rates (krel) for alkenyl pivalates 2 to Pd(PCy3)2.

Substrate 2a 2e 2j 2i 2b 2h

krel
a <0.1 1 2.2 2.4 5.7 9.8b

a krel defined as initial rate (h− 1) of Pd(PCy3)2 consumption over 3 h reaction 
time for oxidative addition of a given substrate (linear slope of data from Fig. 6, 
Pd(PCy3)2 consumption) normalized to initial rate of Pd(PCy3)2 consumption for 
oxidative addition of 2e (defined as krel = 1).

b Initial rate for 2h oxidative addition estimated from only 1 h reaction time 
due to non-linearity.
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from 2h is thermally unstable, which is consistent with only the most 
mild reaction conditions (Method A, which operates at room tempera
ture) being suitable.

Among the four heterocyclic pivalates, all of which function well 
with a Pd(0)/PCy3 catalyst system, we observe a significant rate dif
ference between addition of lactone 2b and lactam 2e. The lactone re
acts 6-fold faster than the lactam, which likely reflects the stronger 
electron-withdrawing ability of the ester versus the amide. This is 
consistent with our prior analysis of oxidative addition reactivity trends 
as a function of molecular electrostatic potentials, where a more 
electron-deficient carbon center leads to faster oxidative addition [57,
58]. The coumarin (2j) and pyrone (2i) substrates undergo oxidative 
addition approximately 2-fold faster than the lactam. The reasonable 
oxidative addition rates for these four substrates with Pd(PCy3)2, and the 
stability of the resulting complexes, are consistent with the suitability of 
Methods C and D for these borylation reactions.

Due to the well-behaved nature of 2b toward oxidative addition, we 
were able to isolate and characterize the resulting Pd(II) complex, 
including by X-ray crystallography. The solid-state molecular structure 
of 7b is shown in Fig. 8, confirming its composition as a four-coordinate, 
square planar bis(phosphine) complex with trans-PCy3 ligands. The 
pivalate ligand binds in a κ1-O fashion trans to the alkenyl ligand, which 
is oriented perpendicular to the Pd/ligand plane. Importantly, this 
complex undergoes rapid and complete transmetallation with B2Pin2 at 
room temperature (observed by 1H and 31P{1H} spectroscopy). This 
experiment was performed in d8-THF to ensure solubility of 7b (which 
crystallizes from toluene at rt). Within minutes of treating 7b with 
excess B2Pin2, we observe formation of Pd(PCy3)2 as well as borylated 
lactone 3b along with a minor amount of protodeborylated 4b. This 
experiment confirms that C–O oxidative addition is turnover-limiting in 
these reactions, and that direct transmetallation of palladium pivalate 
intermediates with B2Pin2 is feasible without addition of a base to 
activate the boron reagent.

Finally, the mechanistic differences observed for these 12 exemplar 
substrate classes (six scaffolds with either acetate or pivalate leaving 
groups), including substrate/intermediate stability and rates of C–O 
activation via oxidative addition, highlights the importance of including 
substrate identity as a variable when evaluating new synthetic methods 
[59]. By performing multifactor screening across multiple substrates, 
both generally-applicable conditions (i.e. Methods C and D) and specific 
‘outlier’ conditions (Methods A and B) can be quickly identified.

2.3. Protodeboronation as a means of net-deoxygenation

Protodeboronation of 3b and 3e to afford 4b and 4e, even under 
controlled stoichiometric conditions for 3b (Fig. 8), led us to investigate 
the stability of the corresponding boronates to simple aqueous work-up 
procedures. We discovered that γ-lactone and γ-lactam alkenyl boro
nates are extremely sensitive to even mild aqueous base, undergoing 
significant deboronation after a saturated NaHCO3 wash. This is 
consistent with the deboronation observed during attempted Suzuki- 
Miyaura coupling, which uses an aqueous base.

Boronic ester functional groups are often used as a more robust 
alternative to the boronic acid [60–63]. The Lloyd-Jones group has 
completed a thorough investigation of the protodeboronation of (het
ero)arylboronic esters, where they conclude that factors leading to 
deboronation are multi-faceted, with several operative mechanisms that 
depend on if the solution pH is close to the pKa of the boronic ester [60].

While the observed deboronation renders these compounds unsuit
able for standard Suzuki-Miyaura cross-coupling, it does result in a net- 
deoxygenation process. Overall, the corresponding enol pivalates – 
readily generated by standard condensation chemistry – are acylated, 
borylated, and then deborylated to effectively replace –OH with –H. 
Furthermore, this reduction is selective, leaving other reducible groups 
(C––C and C––O) intact. After reviewing the literature for other cases 
where alkenyl carboxylates were deoxygenated, we identified a single 
report where a δ-lactone was deoxygenated through a process involving 
harsh acidic conditions and multiple steps [64]. Others have utilized the 
limited stability of boronic esters to deboronate selectively [65], but use 
of deboronation as a desired synthetic method remains underdeveloped.

This led us to optimize the protodeboronation conditions for the set 
of six γ-lactone and γ-lactam boronates, as many biologically active 
molecules contain the γ-lactone and γ-lactam motif [66–69]. Further
more, the resulting deoxygenated γ-lactones would be valuable coupling 
partners in asymmetric allylic alkylation (AAA) chemistry [70], while 
the unsubstituted γ-lactams have been used in Michael additions [71].

Using Method D to borylate the 2b-g to generate 3b-g, five aqueous 
solutions of varying pH and ionic strength were tested for proto
deboronation under biphasic conditions (toluene as the organic solvent) 
(Fig. 9). The solutions were basic (saturated Na2CO3, saturated 
NaHCO3), neutral (saturated NaCl, H2O), and acidic (5 % HCl). Very 
little deboronation was found to occur with the saturated NaCl and 5 % 
HCl solutions, while neutral H2O led to increased formation of 4b-g. 
Under basic conditions, much higher extents of deboronation are 

Fig. 8. Left: Synthesis of 7b by oxidative addition, and transmetallation with B2Pin2. Right: Solid-state molecular structure of 7b from X-ray crystallography. El
lipsoids at 50 % probability; Cy groups shown as wireframe; hydrogens (except on C7) and toluene molecule removed for clarity.
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observed, as measured by the ratio between 3 and 4 by NMR spectros
copy. However, when determining solution yields for all products with 
an internal standard, we observed a discrepancy with the mass balance. 
When using Na2CO3, the amount of product was significantly reduced 
for both the γ-lactones and lactams. Use of saturated NaHCO3 led to 
missing mass balance specifically for the γ-lactones, which we suspected 
was due to product partitioning between the aqueous and organic 
phases. Acidification of the aqueous solutions and extraction with ethyl 
acetate confirmed this, as we recovered additional deboronated product. 
Accordingly, treatment with saturated NaHCO3 was found to yield the 
best deboronation results for both γ-lactones and γ-lactams, but required 
a back extraction for the γ-lactones to achieve high yields.

A slight modification of stirring the biphasic solution overnight at 
40 ◦C enabled scaling up of this procedure. This two-step method was 

then applied to a scope of γ-lactones and γ-lactams which resulted in 
moderate isolated yields for the γ-lactones (37–52 %) and good isolated 
yields for the γ-lactams (75–82 %) (Fig. 10).

2.4. Achieving stability with an alternative boronic ester, B2EPin2

The instability of the boronates 3b-g, while advantageous in the 
deoxygenation sequence, is clearly a liability for achieving other trans
formations of the organoboron group. To alleviate this, we sought 
alternative boronate groups that would be more robust toward proto
deboronation. In particular, a recent account of arylboronic esters based 
on 3,4-diethyl-hexa-3,4-diol (“ethylpinacol” EPin) [51] caught our 
attention due to improved stability during column chromatography. The 
ethyl groups (which replace the methyls of the standard BPin) are hy
pothesized to sterically block the empty 2p orbital on the boron [51], 
reducing the likelihood of deboronation due to attack on the boron. 
Notably, while B2EPin2 is reported to function in a standard 
Pd-catalyzed Miyaura borylation, its reactivity in late stage modifica
tions has yet to be evaluated.

We began by synthesizing B2EPin2, where we improved the reported 
literature yield from 25 % to 55 % with a revised work-up and isolation 
procedure for 3,4-diethyl-hexa-3,4-diol (See Supporting Information). 
We then substituted B2EPin2 for B2Pin2 in our optimized borylation 
methods for γ-lactones and γ-lactams (2b-g) (Fig. 11). In all cases, the 
desired product (6b-g) was generated in moderate to good solution 
yields. γ-Lactones 2b-d gave comparable yields (80–81 %) to their BPin 
counterparts; however γ-lactams saw an overall decrease in yield 
(48–83 %, 65 % average). Importantly, all six alkenyl-BEPin products 
are stable to aqueous work-up, and to column chromatography, which is 
a marked improvement on their BPin counterparts.

Finally, in an effort to test the reactivity of the BEPin group for cross- 
coupling, the methoxy substituted γ-lactone 6d was taken forward with 
the same generic cross-coupling procedure of Fig. 6 (eq. (2)). This 
proved effective, however ethyl pinacol and another unidentified im
purity remained in the crude reaction mixture (See Supporting Infor
mation). Reforming B2EPin2 through a reaction with B2(OH)4 removed 
one of the impurities while allowing us to recycle the difficult to syn
thesize ethyl pinacol for future reactions. The second impurity HBEPin 
partially coeluted on a silica column with the product resulting in a 
reduced yield. Further efforts to remove this HBEPin impurity with 

Fig. 9. Protodeboronation of alkenyl boronates using aqueous solutions. Yields 
are represented as ratios of protodeboronated product: alkenyl boronate start
ing material, determined by 1H NMR spectroscopy.

Fig. 10. Protodeboronation of alkenyl pivalate substrates. Yields are for iso
lated compounds over two steps after column chromatography.

Fig. 11. Base-free Miyaura borylation of alkenyl pivalates. Yields determined 
by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard.
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selective extractions, crystallizations, or distillations were also 
unsuccessful. 

(2) 

3. Conclusion

This article describes the base-free Pd-catalyzed borylation of 
alkenyl carboxylates utilizing two tetraalkoxydiboron sources. 
Depending on the boron source, the reactivity and stability of the 
resulting alkenyl boronate differs and therefore allows for the synthesis 
of distinct classes of compounds. We report seven borylation procedures, 
one using the Leitch Lab’s recently reported catalyst: DMPDAB-Pd-MAH 
and PCy3 as an in situ system. Further studies on the mechanism are 
currently underway.

4. Experimental section

4.1. General considerations

All solvents and chemicals were purchased from commercial sup
pliers and used without any further purification. All air-free manipula
tions were performed under a nitrogen atmosphere using an MBraun 
glovebox. Palladium (II) acetate, bis(tricyclohexylphosphine) palladium 
(0), Dichloro 1,1′-bis(diphenylphosphino)ferrocene palladium (II) 
dichloromethane, P(o-MeOPh)3, XPhos, SPhos, and dppf were pur
chased from Strem Chemicals and stored under inert atmosphere. B2Pin2 
was purchased from AK Scientific and stored under inert atmosphere. 
High-throughput screening experiments were performing using sealable 
aluminum reaction blocks obtained from Analytical Sales Inc. Heating/ 
stirring was achieved using rare-earth magnetic tumble stirrers obtained 
from V&P Scientific. All NMR spectra were acquired on either a Bruker 
AVANCE 300 MHz spectrometer or a Bruker AVANCE Neo 500 MHz 
spectrometer. All 1H and 13C chemical shifts are calibrated to residual 
protio-solvents. All data is processed using Bruker TopSpin 4.07. HRMS 
data was acquired on a Thermo Scientific Ultimate 3000 ESI-Orbitrap 
Exactive Plus.

4.2. Experimental procedures

4.2.1. General procedure for synthesis of lactone starting materials
Step 1: A round bottom flask was charged with substituted phenyl 

acetic acid (1.0 equiv, [12.0 mmol]), triethyl amine (1.0 equiv, [1.22 g, 
1.68 mL]), and THF (0.65 M [18.5 mL]). To the stirred solution ethyl 
bromoacetate (1.0 equiv, [2.01 g, 1.33 mL]) was added dropwise via 
syringe. The reaction was then stirred at 70 ◦C overnight. The reaction 
mixture was transferred to a separatory funnel and diluted with ethyl 
acetate (~2x (v/v) dilution [40 mL]), and H2O (~2x (v/v) dilution [40 
mL]). The organic phase is washed 3x with H2O [40 mL]. The collected 
organic phase is dried with MgSO4, filtered, and evaporated to dryness.

Step 2: We found in order to optimize the yield of this reaction, that 
the maximum scale this step could be performed at was 3.5 mmol scale. 
Thusly this reaction was performed at larger scale in multiple 4-dram 
vials. Potassium tert-butoxide (1.2 equiv) was evenly divided among 
the appropriate number of 4-dram vials. THF (0.375 M) was dispensed 
into each vial. The esterification product synthesized in Step 1 was 
dissolved in THF (1/4 of previous amount in solution – net result is 0.3 M 
solution) and added dropwise evenly to the 4-dram vials. The 4-dram 
vials were sealed (with Teflon lined lids) and allowed to stir vigor
ously at 110 ◦C for 48 h. The reaction mixtures were evaporated to 
dryness and resuspended in 1 M NaOH. The combined reaction mixtures 

were washed twice with hexanes. The aqueous phase was acidified 
slowly using 1 M HCl, until the product had fully precipitated out of 
solution. The product was collected by filtration, washing with hexanes. 
DMSO‑d6 used for 1H NMR spectroscopy analysis.

Step 3: A round bottom flask was charged with the cyclized product 
from Step 2 (1.0 equiv), DIPEA (1.2 equiv), and DCM (0.3 M). Trime
thylacetyl chloride (1.1 equiv) was added dropwise to the stirred solu
tion and allowed to stir overnight at room temperature. The resulting 
organic phase was washed 3x with 1 M HCl, 3x with saturated sodium 
bicarbonate, and dried with MgSO4, before filtering and evaporating to 
dryness. The resulting oil was then triturated with hexanes to yield a 
colourless solid that can be analyzed by 1H NMR spectroscopy in CDCl3.

4.2.1.1. 4-Pivalyloxy-3-(4-trifluoromethyl)phenylpyran-3-en-2-one (2c).
Step 1 was performed at 12.0 mmol scale [4-(trifluoromethyl)phenyl
acetic acid: 2.45 g], to produce 1.89 g, 48 % yield after Step 3. 1H NMR 
(500 MHz, CDCl3, 292 K, ppm): δ 7.95 (d, J = 8.2 Hz, 2H), 7.68 (d, J =
8.2 Hz, 2H), 5.31 (s, 2H), 1.35 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 
K, ppm): δ 173.8, 170.4, 165.6, 131.6, 130.5 (q, J = 32.7 Hz), 128.6, 
125.4 (q, 3.7 Hz), 124.0 (q, J = 272.7 Hz), 109.1, 67.8, 39.7, 26.9. 19F 
NMR (282 MHz, CDCl3, 292 K, ppm): δ − 62.9. HRMS: Calc’d for 
C16H15F3O4 [M+Na]+: 351.08146; found: 351.08148.

4.2.1.2. 3-(4-methoxyphenyl)-4-pivalyloxypyran-3-en-2-one (2d). Step 1 
was performed at 12.0 mmol scale [4-(methoxy)phenylacetic acid: 2.0 
g], to produce 1.35 g, 39 % yield after Step 3. 1H NMR (500 MHz, CDCl3, 
292 K, ppm): δ 7.66 (d, J = 8.9 Hz, 2H), 6.78 (d, J = 9.0 Hz, 2H), 5.01 (s, 
2H), 3.63 (s, 3H), 1.20 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 
δ 173.8, 170.8, 162.6, 159.5, 129.3, 120.4, 113.6, 109.4, 67.3, 55.0, 
39.3, 26.7. HRMS: Calc’d for C16H18O5 [M+Na]+: 313.10464; found: 
313.10466.

4.2.2. General procedure for synthesis of lactam starting materials
Step 1: A round bottom flask was charged with N-benzyl glycine 

ethyl ester (1.0 equiv [1.74 g, 1.64 mL]), DIPEA (1.5 equiv [1.74 g, 2.35 
mL]), and toluene (0.5 M [18.0 mL]). The substituted phenylacetyl 
chloride (1.0 equiv [9.0 mmol]), was dissolved in toluene (equal amount 
to what is previously in solution – net result is 0.25 M solution [18.0 
mL]), and added dropwise to the stirred reaction. The stirred solution 
was then heated to 60 ◦C for 2 h, then allowed to stir overnight at room 
temperature. The reaction mixture was washed with a solution of 50 % 
saturated NH4Cl and 50 % H2O [30 mL], then H2O [30 mL], and then 
saturated aqueous NaCl solution [30 mL]. The organic layer was dried 
with MgSO4, filtered and evaporated to dryness. The crude product was 
taken forward in the next step.

Step 2: We found in order to optimize the yield of this reaction, that 
the maximum scale this step could be performed at was 3.5 mmol scale. 
Thusly this reaction was performed at larger scale in multiple 4-dram 
vials. Potassium tert-butoxide (1.2 equiv) was evenly divided among 
the appropriate number of 4-dram vials. THF (0.375 M) was dispensed 
into each vial. The alkylated amine synthesized in Step 1 was dissolved 
in THF (1/4 of previous amount in solution – net result is 0.3 M solution) 
and added dropwise evenly to the 4-dram vials. The 4-dram vials were 
sealed (with Teflon lined lids) and allowed to stir vigorously at 110 ◦C 
for 48 h. The reaction mixtures were evaporated to dryness and resus
pended in 1 M NaOH. The combined reaction mixtures were washed 
twice with hexanes. The aqueous phase was acidified slowly using 1 M 
HCl, until the product had fully precipitated out of solution. The product 
was collected by filtration, washing with hexanes. DMSO‑d6 used for 1H 
NMR spectroscopy analysis.

Step 3: A round bottom flask was charged with the cyclized product 
from Step 2 (1.0 equiv), DIPEA (1.2 equiv), and DCM (0.3 M). Trime
thylacetyl chloride (1.1 equiv) was added dropwise to the stirred solu
tion and allowed to stir overnight at room temperature. The collected 
organic phase was washed 3x with 1 M HCl, 3x with saturated sodium 
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bicarbonate, and dried with MgSO4, before filtering and evaporating to 
dryness. The resulting oil was then triturated with hexanes to yield a 
colourless solid that can be analyzed by 1H NMR spectroscopy in CDCl3.

4.2.2.1. 1-Benzyl-4-pivalyloxy-3-(4-trifluoromethylphenyl)pyrrolidin-3- 
en-2-one (2f). Step 1 was performed at 9.0 mmol scale [4-(tri
fluoromethyl)benzeneacetyl chloride: 2.0 g], to produce 1.65 g, 44 % 
yield after Step 3. 1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.96 (d, J =
8.2 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.33 (m, 5H), 4.71 (s, 2H), 4.30 (s, 
2H), 1.29 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 174.5, 
168.4, 158.8, 136.9, 133.2, 129.9 (q, J = 32.6 Hz), 129.0, 128.9, 128.3, 
127.9, 125.2 (q, J = 3.8 Hz), 124.2 (q, J = 272.3 Hz), 49.5, 46.0, 39.6, 
27.0. 19F NMR (282 MHz, CDCl3, 292 K, ppm): δ − 62.7. HRMS: Calc’d 
for C23H22F3NO3 [M+Na]+: 440.14440; found: 440.14441.

4.2.2.2. 1-Benzyl-4-pivalyloxy-3-(4-methoxyphenyl)pyrrolidin-3-en-2-one 
(2g). Step 1 was performed at 9.0 mmol scale[4-(methoxy)benzenea
cetyl chloride: 1.66 g], to produce 2.13 g, 62 % yield after Step 3. 1H 
NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.85 (d, J = 8.8 Hz, 2H), 7.27 (m, 
5H), 6.95 (d, J = 8.8 Hz, 2H), 4.67 (s, 2H), 4.21 (s, 2H), 3.77 (s, 3H), 
1.27 (s, 9H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 174.4, 168.9, 
159.2, 155.8, 136.9, 129.7, 128.5, 127.9, 127.4, 121.8, 117.0, 113.4, 
54.9, 48.9, 45.6, 39.1, 26.7. HRMS: Calc’d for C23H25NO4 [M+H]+: 
380.18564; found: 380.1857.

4.2.3. Synthesis of 3,4-Diethylhexane-3,4-diol
Caution: Read appropriate SDS before conducting this synthesis. 

Reaction should be performed in a fume hood. HCl gas if formed, the 
open neck of the flask should point towards the back of the fume hood.

A two-necked round bottom flask was charged with Mg turnings 
(1.92 g, 78.95 mmol, 2 equiv), this was flushed with N2 thoroughly 
before 60 mL anhydrous THF added to flask. The flask was then cooled 
to 0 ◦C. While under constant N2 flow (through septum on one neck of 
flask – other neck of flask open and pointing into back of fume hood) 
TiCl4 (5.2 mL, 47.37 mmol, 1.2 equiv) was added dropwise (through 
septum with N2). Once complete, another 30 mL anhydrous THF was 
used to wash contents down in flask. After 30 min, 0 ◦C was maintained, 
and 3-pentanone (4.2 mL, 39.48 mmol, 1 equiv) was added dropwise 
slowly. The reaction mixture was allowed to stir overnight and allowed 
to reach room temperature. The reaction was then quenched slowly with 
saturated Na2CO3 solution (~150 mL). Once gas evolving ceased, the 
reaction mixture was filtered through a pad of silica under vacuum. 
Dichloromethane (~400 mL) was used to wash product through while 
constantly manually stirring with a spatula. The eluent was then 
extracted with diethyl ether, creating a triphasic mixture. Both organic 
layers were removed, dried with MgSO4, filtered and evaporated to 
dryness to yield the final product (1.88g, 55 % yield).

4.2.4. Synthesis of Lactone alkenyl pinacol boronates
Under N2 atmosphere, a 1 dram vial was charged with the respective 

lactone alkenyl carboxylate precursor (0.50 mmol), B2Pin2 (203.2 mg, 
0.80 mmol), DMPDAB-Pd-MAH (8.2 mg, 0.018 mmol), PCy3 (9.8 mg, 
0.035 mmol), and toluene (2.5 mL, 0.2 M in alkenyl carboxylate). The 
reaction mixture was stirred at 100 ◦C for 18 h. The solutions were then 
evaporated to dryness, and NMR spectroscopic analysis conducted in 
CDCl3 (0.6 mL).

4.2.4.1. 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(4-(tri
fluoromethyl)phenyl)furan-2(5H)-one (3c). 1H NMR (500 MHz, CDCl3, 
292 K, ppm): δ 7.81 (d, J = 8.2 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 4.99 (s, 
2H), 1.27 (s, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.07, 
139.20, 134.05, 131.09 (q, J = 32.6 Hz), 129.78, 126.75, 124.90 (q, J =
3.6 Hz) 85.24, 73.16, 24.78. 19F NMR (282 MHz, CDCl3, 292 K, ppm): δ 
− 62.78. HRMS: Calc’d for C17H18BF3O4 [M+H]+: 355.13230; found: 
355.13223.

4.2.4.2. 3-(4-methoxyphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan- 
2-yl)furan-2(5H)-one (3d). 1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 
7.71–7.67 (m, 2H), 6.90–6.87 (m, 2H), 4.92 (s, 2H), 3.81 (s, 3H), 1.27 (s, 
12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.82, 139.68, 
130.82, 128.40, 123.17, 113.42, 84.85, 72.86, 55.33, 24.78. HRMS: 
Calc’d for C17H21BO5 [M+H]+: 317.15548; found: 317.15528.

4.2.5. Synthesis of lactam alkenyl pinacol boronates
Under N2 atmosphere, a 1 dram vial was charged with the respective 

lactam alkenyl carboxylate precursor (0.50 mmol), B2Pin2 (253.9 mg, 
1.00 mmol), DMPDAB-Pd-MAH (11.7 mg, 0.025 mmol), PCy3 (14.0 mg, 
0.05 mmol), and toluene (2.5 mL, 0.2 M in alkenyl carboxylate). The 
reaction mixture was stirred at 100 ◦C for 18 h. The solutions were then 
evaporated to dryness, and NMR spectroscopic analysis conducted in 
CDCl3 (0.6 mL).

4.2.5.1. 1-Benzyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(4- 
(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2-one (3f). 1H NMR (500 
MHz, CDCl3, 292 K, ppm): δ 7.84 (d, J = 8.1 Hz, 2H), 7.64 (d, J = 8.2 Hz, 
2H), 7.38–7.24 (m, 5H), 4.73 (s, 2H), 4.04 (s, 2H), 1.25 (s, 12H). 13C 
NMR (126 MHz, CDCl3, 292 K, ppm): δ 169.96, 146.26, 137.5, 137.12, 
135.94, 130.37 (d, J = 32.3 Hz), 130.02, 128.87, 128.40, 127.78, 
124.56 (q, J = 3.8 Hz), 84.58, 53.47, 46.93, 24.73. 19F NMR (282 MHz, 
CDCl3, 292 K, ppm): δ − 62.59. HRMS: Calc’d for C24H28BF3NO3 
[M+H]+: 444.19524; found: 444.19512.

4.2.5.2. 1-Benzyl-3-(4-methoxyphenyl)-4-(4,4,5,5-tetramethyl-1,3,2- 
dioxaborolan-2-yl)-1,5-dihydro-2H-pyrrol-2-one (3g). 1H NMR (500 
MHz, CDCl3, 292 K, ppm): δ 7.73–7.70 (m, 2H), 7.35–7.23 (m, 5H), 
6.93–6.89 (m, 2H), 4.71 (s, 2H), 3.97 (s, 2H), 3.84 (s, 3H), 1.25 (s, 12H). 
13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 170.65, 137.37, 131.02, 
128.78, 128.74, 128.33, 128.14, 127.58, 125.07, 113.12, 84.19, 55.27, 
53.14, 46.83, 24.71. HRMS: Calc’d for C24H28BNO4 [M+H]+: 
406.21842; found: 406.21816.

4.2.6. Synthesis of deboronated products
Borylation methods described in Sections 4.2.4 and 4.2.5 were per

formed on the appropriate lactone or lactam alkenyl carboxylate before 
the following deboronation procedure:

The appropriate alkenyl boronate 3 was resuspended in a 4-dram vial 
with toluene (2.5 mL, 0.2 M in substrate). Saturated aqueous NaHCO3 
(2.5 mL, (1:1 v/v to toluene)) was dispensed into the vial. The reaction 
mixture was allowed to stir vigorously at 40 ◦C overnight. The reaction 
mixture was then transferred to a separatory funnel using toluene and 
H2O. The aqueous phase was acidified using 5 % HCl solution to pH = 2, 
extracted with ethyl acetate (~10 mL) twice. The combined organic 
fractions were dried using MgSO4 and evaporated to dryness before 
column chromatography using Biotage Selekt instruments (detailed in 
the ESI).

4.2.6.1. 1-Benzyl-3-(4-(trifluoromethyl)phenyl)-1,5-dihydro-2H-pyrrol-2- 
one (4f). 1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 8.06 (d, J = 8.1 Hz, 
2H), 7.67 (d, J = 8.2 Hz, 2H), 7.38–7.35 (m, 2H), 7.32–7.29 (m, 4H), 
4.74 (s, 2H), 3.96 (d, J = 2.1 Hz, 2H).13C NMR (126 MHz, CDCl3, 292 K, 
ppm): δ 169.48, 137.53, 137.14, 136.00, 135.30, 130.38 (q, J = 32.4 
Hz), 128.94, 128.19, 127.82, 127.39, 125.44 (q, J = 3.8 Hz), 124.24 (d, 
J = 272.1 Hz), 50.02, 46.54. 19F NMR (282 MHz, CDCl3, 292 K, ppm): δ 
− 62.65. HRMS: Calc’d for C18H14F3NO [M+H]+: 318.11003; found: 
318.10980.

4.2.6.2. 1-Benzyl-3-(4-methoxyphenyl)-1,5-dihydro-2H-pyrrol-2-one 
(4g). 1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.98–7.86 (m, 2H), 
7.38–7.33 (m, 2H), 7.32–7.28 (m, 3H), 7.07 (t, J = 2.2 Hz, 1H), 
6.97–6.91 (m, 2H), 4.73 (s, 2H), 3.88 (d, J = 2.2 Hz, 2H), 3.85 (s, 3H). 
13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 170.26, 159.90, 137.45, 
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136.27, 133.44, 128.81, 128.34, 128.13, 127.61, 124.60, 113.90, 55.35, 
49.76, 46.44. HRMS: Calc’d for C18H17NO2 [M+Na]+: 302.11515; 
found: 302.11507.

4.2.7. Synthesis of Lactone and lactam alkenyl ethylpinacol boronates
Borylation methods described in Sections 4.2.4 and 4.2.5 were per

formed, substituting B2EPin2 for B2Pin2 at 0.25 mmol scale. (2b–2d, 
4.2.4: B2EPin2: 147.1 mg, 0.40 mmol; 2e–2g, 4.2.5: B2EPin2: 183.9 mg, 
0.50 mmol).

4.2.7.1. 1-(4,4,5,5-Tetraethyl-1,3,2- dioxaborolan-2-yl)-3-phenylpyran-3- 
en-2-one (6b). 1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 7.74–7.71 (m, 
2H), 7.39–7.36 (m, 3H), 4.98 (s, 2H), 1.74–1.63 (m, 8H), 0.88 (t, J = 7.5 
Hz, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 173.69, 140.48, 
130.78, 129.45, 129.27, 127.96, 90.15, 73.15, 26.34, 8.83. HRMS: 
Calc’d for C20H27BO4 [M+H]+: 343.29752; found: 343.29743.

4.2.7.2. 1-(4,4,5,5-Tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-tri
fluoromethyl)phenylpyran-3-en-2-one (6c). 1H NMR (500 MHz, CDCl3, 
292 K, ppm): δ 7.86 (d, J = 8.2 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 5.01 (s, 
2H), 1.75–1.63 (m, 8H), 0.88 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, 
CDCl3, 292 K, ppm): δ 173.17, 139.40, 134.21, 131.09 (q, J = 32.8 Hz) 
129.91, 125.26, 124.87 (q, J = 3.8 Hz), 90.46, 73.34, 26.36, 8.82. 19F 
NMR (282 MHz, CDCl3, 292 K, ppm): δ − 62.82. HRMS: Calc’d for 
C21H26BF3O4 [M+H]+: 411.19490; found: 411.19477.

4.2.7.3. 1-(4,4,5,5-Tetraethyl-1,3,2- dioxaborolan-2-yl) -3-(4-methoxy) 
phenylpyran-3-en-2-one (6d). 1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 
7.76 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 4.94 (s, 2H), 3.83 (s, 
3H), 1.74–1.64 (m, 8H), 0.89 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, 
CDCl3, 292 K, ppm): δ 174.01, 160.49, 139.78, 131.00, 123.37, 113.41, 
90.06, 73.11, 55.43, 26.37, 8.88. HRMS: Calc’d for C21H29BO5 [M+H]+: 
373.21808; found: 373.21795.

4.2.7.4. 1-(4,4,5,5-Tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-phe
nylpyrrolidin-3-en-2-one (6e). 1H NMR (500 MHz, CDCl3, 292 K, ppm): δ 
7.73–7.70 (m, 2H), 7.42–7.27 (m, 8H), 4.72 (s, 2H), 4.00 (s, 2H), 
1.75–1.58 (m, 8H), 0.84 (t, J = 7.5 Hz, 12H). 13C NMR (126 MHz, CDCl3, 
292 K, ppm): δ 170.59, 147.62, 137.58, 132.64, 129.71, 128.91, 128.54, 
128.36, 127.66, 127.16, 89.47, 53.47, 46.89, 26.29, 8.85. HRMS: Calc’d 
for C27H34BNO3 [M+H]+: 432.27045; found: 432.27037.

4.2.7.5. 1-(4,4,5,5-Tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4- 
trifluoromethyl)phenylpyrrolidin-3-en-2-one (6f). 1H NMR (500 MHz, 
CDCl3, 292 K, ppm): δ 7.83 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.3 Hz, 2H), 
7.37–7.28 (m, 5H), 4.72 (s, 2H), 4.03 (s, 2H), 1.75–1.58 (m, 8H), 0.83 (t, 
J = 7.4 Hz, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): 170.10, 
146.50, 137.32, 130.33 (d, J = 32.4 Hz), 130.12, 128.92, 128.38, 
128.38, 127.78, 125.48, 124.55 (q, J = 3.7 Hz), 89.75, 53.64, 46.94, 
26.30, 8.81. 19F NMR (282 MHz, CDCl3, 292 K, ppm): δ − 62.67. HRMS: 
Calc’d for C28H33BF3NO3 [M+H]+: 500.25784; found: 500.25744.

4.2.7.6. 1-(4,4,5,5-Tetraethyl-1,3,2- dioxaborolan-2-yl) -1-benzyl-3-(4- 
methoxy)phenylpyrrolidin-3-en-2-one (6g). 1H NMR (500 MHz, CDCl3, 
292 K, ppm): δ 7.77–7.74 (m, 2H), 7.36–7.27 (m, 5H), 6.91–6.88 (m, 
2H), 4.71 (s, 2H), 3.97 (s, 2H), 3.83 (s, 3H), 1.71–1.59 (m, 8H), 0.86 (t, J 
= 7.4 Hz, 12H). 13C NMR (126 MHz, CDCl3, 292 K, ppm): δ 170.84, 
146.88, 137.61, 131.18, 130.03, 128.82, 128.42, 127.61, 125.32, 
113.12, 89.37, 55.39, 53.40, 46.87, 26.31, 8.89. HRMS: Calc’d for 
C28H36BNO4 [M+H]+: 462.28102; found: 462.28077.

4.2.8. Suzuki-Miyaura coupling of ethylpinacol boronates
The borylation method described in Section 4.2.4 was performed 

substituting B2EPin2 for B2Pin2 at 0.25 mmol scale (2d: B2EPin2: 147.1 
mg, 0.40 mmol), before the Arylation Procedure:

Under a N2 atmosphere, a 1 dram vial was charged with the bory
lated (EPin) lactone from 4.2.4, Pd(OAc)2 (1.1 mg, 0.005 mmol), XPhos 
(3.6 mg, 0.008 mmol), K3PO4 (106.9 mg, 0.50 mmol) and bromo
benzene (39.4 mg, 26.8 μL, 0.25 mmol). Toluene (1.25 mL, 0.2 M) was 
dispensed into the vial and sealed with a septum cap. On the bench, 1.25 
mL degassed H2O was dispensed into the vial and the reaction mixture 
was allowed to stir vigorously at 80 ◦C for 18 h. The reaction mixture 
was then transferred to a separatory funnel using toluene and H2O, the 
aqueous layer was extracted with toluene twice (~10 mL). The com
bined organic fractions were dried using MgSO4, filtered, and evapo
rated to dryness. To remove the ethylpinacol generated in this reaction, 
B2EPin2 was reformed by the crude product being combined with 
B2(OH)4 (18.0 mg, 0.20 mmol), NaOAc (18.5 mg, 0.23 mmol), and a 
scoop of sodium sulfate as a drying reagent in a 50 mL round bottom 
flask. Toluene (3.0 mL, 0.08 M) was used to resuspend the reaction 
mixture, and the round bottom flask was fitted with a condenser and 
swept with N2. Under N2, the reaction mixture was allowed to stir 
vigorously overnight at 120 ◦C. The reaction mixture was allowed to 
cool before filtering and evaporating to dryness before column chro
matography using a Biotage Selekt instrument (chromatogram in ESI) to 
yield 5d (36.7 mg, 55 % yield).
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