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ABSTRACT: Synthesis of stereodefined carbocyclic and heterocyclic tertiary boronic esters is accomplished by performing a
conjunctive cross-coupling reaction on preformed cyclic boron ate complexes. Boronates bearing spirocyclic and aryl bicyclic
skeletons can be synthesized enantioselectively using a chiral PHOX-ligated Pd catalyst with achiral starting material, while
substrates bearing continuous stereogenic centers can be generated diastereoselectively. A variety of aryl and alkenyl electrophiles are
incorporated.

Tertiary functional groups attached to carbocycles are
ubiquitous in natural products and therapeutic agents

(Scheme 1a),1 and the development of strategies to construct
such stereogenic centers has been a focus in synthetic
chemistry.2 Among methods for accomplishing this objective,
the stereospecific transformation of tertiary alkyl boronic esters
has been established as a versatile tool for the construction of
tertiary alcohols and amines as well as quaternary carbon

centers.3 To construct tertiary boronates, a number of
stoichiometric and catalytic processes have been introduced,4

with metalate shift-based reactions of α-substituted alkenyl
boronate complexes being notable for their ability to effect new
C−C and C−electrophile bond formation.5 In this connection,
Aggarwal and Studer’s group have demonstrated that a variety
of electrophiles can induce such rearrangement through radical
or radical-polar crossover pathways.6 Recently, Aggarwal
reported that electrophile-induced 1,2-migration can apply to
cyclic boron ate complexes (Scheme 1b), resulting in ring
contraction and construction of cyclobutanes and cyclo-
pentanes bearing tertiary boronic esters.7 Analysis of the
stereochemical outcome of these reactions (stereospecific at
the migrating carbon and stereoselective at the emerging
stereocenter) suggests the reactions may occur through the
intermediacy of an α-boryl carbocation (A, inset).
As a catalytic enantioselective method to construct chiral

secondary and tertiary organoboronic esters, our group has
employed chiral palladium- and nickel-based complexes to
effect conjunctive coupling of alkenyl boron ate complexes
(Scheme 1c).8,9 The stereochemical outcome of these
reactions indicates that they occur by a concerted anti addition
of the migrating carbon atom (RM) and the metal complex to
the alkene (B → C, inset). In contrast, Ready has
demonstrated that Ir(allyl)-induced metalate shift may occur
by syn addition across alkene.10 To extend the metal-catalyzed
conjunctive coupling reaction to the construction of intricate
cyclic motifs, we considered reactions of cyclic boron ate
complexes (Scheme 1d). In addition to enantiodiscrimination,
a critical concern that arises is whether the cyclic constraint of
substrates precludes necessary alignment of the participating
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Scheme 1. Conjunctive Coupling with Cyclic Boron Ate
Complexes and Its Applications
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B−CM bond and the alkene π system (D, inset). If these two
features are too far out of alignment, the activation barrier for
the metalate shift may be raised sufficiently that direct Suzuki−
Miyaura reaction becomes the predominant reaction path-
way.11 In this Letter, we demonstrate that Pd-catalyzed
conjunctive coupling can indeed operate efficiently on cyclic
boron ate complexes (Scheme 1d) and provides access to a
range of enantiomerically enriched spirocycles and benzo-fused
carbocycles and heterocycles in an efficient fashion.
To examine the prospects for ring-contracting conjunctive

coupling of cyclic ate complexes, tertiary alkylboronate 1
(Table 1) was treated with t-butyllithium at −78 °C, warmed

to room temperature, and then employed in couplings with
PhOTf, palladium complexes, and a series of ligands (Note:
NaOTf was employed as bromide scavenger12). As shown in
Table 1, when the reaction was conducted with Pd(OAc)2 and
Mandyphos13 (L1), a ligand that has consistently proven
effective across a broad range of acyclic substrates, ring
contraction product 3 was generated in 75% isolated yield, but
with minimal enantioselectivity (72:28 er, entry 1). Examina-
tion of tunable phosphino-oxazoline ligands that have proven
effective in recent conjunctive couplings14 was undertaken, and
it was found that analogs bearing large oxazoline substituents
and electron-rich phosphines provided notably improved
results (cf. entries 2−9). When dibenzylideneneacetone, a
presumed inhibitor of the reaction, was avoided by the use of
Pd(PPh3)4 as the palladium source, consistently high yields
and high selectivity were observed with ligands L9 (91:9 er,
entry 11) and L10 (95:5 er, entry 12).

With effective conditions identified for reactions of cyclic
tertiary boron ate complexes, a variety of substrates were
examined in the coupling reaction. Carbocyclic boronic esters
bearing a number of spirocyclic skeletons were successfully
prepared by a conjunctive cross-coupling reaction. Migrating
groups bearing different ring sizes are readily accommodated,
allowing access to enantiomerically enriched spirocycles with
4- to 7-membered rings in good yield and selectivity (Figure 1,

products 4−7). Heteroatoms are also tolerated, thereby
providing access to spirocyclic piperidine and tetrahydropyran
motifs (8 and 9) as well as products with ketal units (10). With
a longer tether connecting the bromoalkene to the boronate in
the substrate, the reaction furnishes 6,6-spirocyclic boronic
ester 12; however, 7-membered ring closure could not be
realized with this method and only delivered Suzuki−Miyaura
coupling product (data not shown). Heteroarenes were also
found to be suitable electrophiles for the reaction, allowing the
introduction of pyridine (13), pyrazine (14), pyrimidine (15),

Table 1. Survey of Catalysts for the Enantioselective
Conjunctive Coupling of Cyclic Carbonates

entry Pd source ligand yield 3 (%)a erb

1 Pd(OAc)2 L1 75 72:28
2 Pd2(dba)3 L2 83 65:35
3 Pd2(dba)3 L3 79 55:45
4 Pd2(dba)3 L4 86 65:35
5 Pd2(dba)3 L5 69 72:28
6 Pd2(dba)3 L6 77 52:48
7 Pd2(dba)3 L7 80 72:28
8 Pd2(dba)3 L8 55 80:20
9 Pd2(dba)3 L9 30 90:10
10 Pd(ACN)2Cl2 L9 72 86:14
11 Pd(PPh3)4 L9 77 91:9
12 Pd(PPh3)4 L10 72 95:5

aYield determined by 1H NMR versus an internal standard.
bEnantiomer ratios determined by chiral SFC analysis and have an
error of ±1%.

Figure 1. Substrate survey of enantioselective conjunctive coupling of
cyclic boron ate complexes. PMP = p-methoxyphenyl.
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thiophene (16), and benzothiophene (17) products. Of note,
preparation of compounds 20 and 21 represents the first
successful use of alkynyl and benzyl electrophiles in metal-
catalyzed enantioselective conjunctive couplings. Lastly,
configuration assignment of product 9 was accomplished by
X-ray crystallographic analysis of the product.
Considering the efficiency observed in the coupling of

heteroatom-containing aliphatic boronic ester substrates in
Figure 1, it was of interest to learn whether reactions of aryl
boron ate complexes might provide a useful route to
substituted tetrahydroquinoline and chromane reaction prod-
ucts. For effective preparation of ate complexes, substrate
selection proved to be critical: while treatment of 22 with t-
butyllithium cleanly provides ate complex 23 when the
positions of the Br and B(pin) groups are reversed, the
addition of t-BuLi to the B(pin) group is competitive with Li−
halogen exchange. Therefore, a series of alkenyl boronic esters
were examined as conjunctive cross-coupling candidates. As
depicted in Figure 2, an ether-tethered substrate participates in

ring-contracting coupling with substituted arenes, heteroar-
enes, and an alkenyl electrophile (24−28). Though reactions
with an aryl migrating group tend to be slower than with alkyl
migrating groups and require longer reaction times, the
coupling products were often delivered in good yield and
high enantioselectivity. Methoxy groups (29, 31) and halogen
atoms (30, 32) could be installed on the migrating arene.
Moreover, the structure of the tether that connects the alkenyl
boron and the bromoarene can include a Boc-protected amine
and, in this case, furnishes a tetrahydroquinoline skeleton (33).
Similarly, if the heteroatom linker is removed from the

substrate, then boronate-containing indane skeletons can be
constructed efficiently (34−37). Aryl bromides bearing a
protected catechol (38) or B(pin) functional group (39) can
be used as electrophiles to access more complex structures.
With efficient and selective strategies for conjunctive

couplings with cyclic boron ate complexes established, aspects
of synthesis utility were examined. In one experiment, we
conducted a preparative scale reaction. As depicted in Figure
3a, substrate 42 was prepared by copper-catalyzed coupling

between benzyl bromide 40 and allylboron reagent 41.15

Subsequent conjunctive coupling with bromobenzene in the
presence of Pd/L9 provided 34 with good and slightly
improved selectivity compared to smaller scale reactions.
Given that transformations of hindered tertiary benzylic
boronates can be challenging, reactions of 34 were probed.
As shown in Figure 3b, subjection of 34 to conditions for

Figure 2. Enantioselective conjunctive coupling of cyclic aromatic
boron ate complexes. aReaction conducted at 40 °C for 24 h. Figure 3. Practical aspects of conjunctive coupling of cyclic aromatic

boron ate complexes. aNaOH, H2O2, THF, rt, 1 h. bVinyl magnesium
bromide, then I2, LiOCH3, CH3OH/THF, −78 °C to rt. cCH2Br2, n-
BuLi, −78 °C to rt, 2 h; then NaOH, H2O2. dEthyl vinyl ether, t-BuLi,
then I2, LiOCH3, CH3OH/THF, and then 3 M HCl. eBr2, MeOH, 0
°C to rt, 3 h.
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Matteson homologation,16 oxidation, and Evans−Zweifel
olefination17 furnished the corresponding products (43−45)
efficiently. Moreover, modified Zweifel olefination18 to an enol
ether followed by hydrolysis was found to deliver 46 in good
yield. Intermediate 46 was easily brominated to generate 47,
which is a known intermediate in the synthesis of β-secretase
inhibitor 48.1a In a last set of experiments, we examined the
prospect for reactions of secondary boronates to provide
trisubstituted ring systems that might be relevant for the
construction of tramadol (Figure 1), the promising triple
reuptake inhibitor 51,19 or other motifs. Since the requisite
substrates to address these compounds are chiral, the issue of
double asymmetric induction arises. In this event, enantiomeri-
cally enriched 49 was prepared and subjected to conjunctive
coupling. When the reaction was conducted in the presence of
the (S) enantiomer of L9 the reaction occurred with low
selectivity; however, when (R)-L9 was employed, cyclic
boronic ester 50 was generated in good yield and with
excellent diastereoselectivity. Thus, with appropriate matching
of catalyst chirality and substrate chirality, trisubstituted
cyclopentanes should be readily available, and this process
was examined with aryl, alkenyl, and alkynyl electrophiles to
deliver corresponding compounds 52−54.
As the examples above indicate, ring-contracting conjunctive

couplings to provide five- and six-membered rings proceed
with good efficiency, thereby suggesting that the cyclic nature
of the substrate does not prohibit alignment of the migrating
carbon atom with the reacting alkene. However, when the
analogous process was applied to a substrate that would deliver
a four-membered carbocycle (55, Figure 4a), the reaction did

not furnish any of the conjunctive coupling product 56 and
instead generated Suzuki−Miyaura coupling product 57. To
determine whether this alternate outcome arises from strain
that develops during the 1,2-boronate shift (i.e., energetically
disfavored metalate shift) or is due to misaligned reaction
components (increased barrier to metalate shift), computa-
tional analysis of the rearrangement was undertaken for model

systems of both ring sizes. As the data in Figure 4b indicates,
the 1,2-boronate rearrangement to form both four- and five-
membered rings are exergonic reactions; however, the
activation barrier to form the four-membered ring is 2.2
kcal/mol higher than the barrier for cyclopentane ring
formation. Presumably this increased barrier provides an
opportunity for direct transmetalation to be competitive, and
hence the Suzuki−Miyaura pathway becomes favored for
smaller cyclic boronates. Of note, the overall exergonic nature
of the reaction suggests that boron or palladium ligand designs
that inherently preclude direct transmetalation might prove
effective for contraction to form smaller cyclic boronic esters.
Studies in this connection are in progress.
In summary, the synthesis of stereodefined carbocyclic

tertiary boronic esters is accomplished by performing a
conjunctive cross-coupling reaction on preformed cyclic
boron ate complexes. Boronates bearing spirocyclic and
benzo-fused bicyclic skeletons can be synthesized selectively
using a phosphino-oxazoline-ligated Pd catalyst with achiral
starting material, while substrates bearing continuous stereo-
genic centers can be generated diastereoselectively.
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