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ABSTRACT: Thousands of highly oxygenated terpenoid natural
products contain a common trans-decalin core bearing oxidized
substituents in either the equatorial or axial configuration at the
C(4) quaternary center. We report an expedient route to a versatile
terpenoid building block primed for elaboration into numerous
complex natural products. This intermediate is provided from (R)-
carvone, a cheap and abundant chiral pool material, in three steps
through a diastereodivergent, intramolecular carboborylation
reaction. Notably, this method uniquely provides either equatorial
or axial functionalized products from a single, common precursor.
Identification of optimal ligands required extensive screening
efforts, facilitated in part by high-throughput experimentation
(HTE) and the construction of an algorithmically guided,
combinatorial, in silico library, which identified the highest performing axial-selective ligand. The key interactions responsible for
the observed high diastereoselectivity were elucidated with computational analysis, and the synthetic utility of this method was
demonstrated in the total synthesis of several diterpenoid natural products.

■ INTRODUCTION

With more than 80,000 known members, terpenoids represent
the largest family of natural products.1 This vast chemical
library, termed the terpenome, contains natural products with
broad structural diversity.2 Terpenoids are most common in
plants, in which it has been estimated that thousands of
distinct family members play critical roles in biological
processes including growth and defense.3 The chemical
diversity of these metabolites translates to a range of important
biological activities, and thus the terpenome serves as an
abundant source of potential pharmaceutical candidates.4,5

Despite their promise in drug discovery, the structural
complexity of terpenoids is often a barrier to their preparation
and use in medicinal chemistry campaigns.6 Though the total
synthesis of terpenes is a well-established field, the pursuit of
complex targets has relied on the use of highly tailored
strategies that limit access to structural analogs, especially
stereoisomers.7,8 Importantly, stereoisomers can demonstrate
distinct pharmacological activities,9 as exemplified by the
C(4)-epimeric natural products trans- and cis-communic acid
(Figure 1A).10,11 The development of practical, stereo-
divergent strategies to construct versatile building blocks
would offer great utility in the synthesis of diverse bioactive
terpenoids.

■ BACKGROUND
The trans-decalin ring system is found in thousands of natural
products and represents a valuable terpenoid building block
(Figure 1A).12−17 Many terpenoids are distinguished by
unique oxidation patterns decorating a common carbon
skeleton, and a persistent challenge in terpenoid synthesis is
stereoselective installation of functionalized substituents at the
C(4) carbon center (i.e., axial vs equatorial functionalization).
The lack of general and efficient methods to achieve this goal
limits the synthetic accessibility of the nearly 15,000 natural
products characterized to date that bear oxidized substituents
at C(4).18

The Wieland−Miescher ketone (WMK) has long served as a
cornerstone of complex terpenoid synthesis as it provides facile
access to trans-decalin structures.19,20 Derivatization of the
WMK can be leveraged to procure valuable stereoisomers
through selective installation of oxidized substituents in either
the axial or equatorial position at C(4) (Figure 1B).21−25

However, this early divergence point necessitates tedious
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independent synthesis (>6 steps) to obtain the individual C(4)
epimers.
Although alternative strategies to construct functionalized

trans-decalins have been developed, these methods preferen-
tially yield a single stereoisomer as dictated by substrate
control. Processes such as cationic polyene,26 radical27 (Figure
1C, A → B) or reductive cyclizations28,29 (Figure 1C, C → D)
demonstrate greater efficiency than derivatization of the WMK
but do not provide a means to access complementary C(4)
epimers in high selectivity. Established chiral pool approaches
can similarly be leveraged to rapidly build trans-decalin

structures but require further manipulations to achieve the
desired C(4) functionalization.30,31 Collectively, these methods
favor installation of oxidized substituents in the equatorial
position. Furthermore, recent advances in remote functional-
ization32−34 deliver exclusive oxidation of the equatorial
substituent. To date, only the WMK provides a general
platform to install oxidized substituents in the axial position of
the C(4) quaternary center.
Significant barriers to installing oxidized C(4) substituents

persist despite modern efforts to improve efficiency and
stereoselectivity.29,30,34 Consequently, procedures have been

Figure 1. (A) Structures of representative bioactive terpenoids bearing oxidized substituents at C(4), (B) accessing oxidized substituents at C(4)
via derivatization of the Wieland−Miescher ketone, (C) alternative strategies to construct functionalized trans-decalin intermediates, (D) this work:
construction of versatile terpenoid building blocks via a diastereodivergent carboborylation/oxidation reaction, and (E) potential transformations
facilitating downstream elaboration into highly oxygenated terpenoids.
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developed to provide functionalized decalin intermediates
through degradation of chiral pool materials in recent works
(Figure 1C, G → H) rather than pursue de novo decalin core
construction.35 The development of a method that provides
both the stereochemical flexibility offered by derivatization of
the WMK and the high efficiency of alternative cyclization-
based approaches would streamline the synthesis of decalin-
containing terpenoids. Although achieving stereodivergence is
a challenging undertaking in its own right, it also requires
overcoming the longstanding dearth of methods that can
facilitate axial-selective functionalization.
Herein, we report a stereodivergent, palladium-catalyzed

borylative cyclization reaction which enables construction of
trans-decalin intermediates bearing either equatorial or axial
functionalized C(4) substituents from a common precursor
(Figure 1D). This efficient method selectively provides
diastereomeric building blocks primed for elaboration into
highly oxygenated terpenoid natural products from (R)-
carvone (Figure 1E). Identification of optimal ligands required
extensive screening efforts facilitated in part by high-
throughput experimentation (HTE) and construction of an
algorithmically guided, combinatorial, in silico library of
potential ligands. The key interactions responsible for the
observed high diastereoselectivity were elucidated with
computational analysis. Finally, the synthetic utility of this
strategy was demonstrated in the total synthesis of seven
abietane diterpenoids, including high-value C(19) oxidized
family members with low natural abundances, and several
labdane diterpenoids bearing axially disposed C(4) function-
alization.

■ RESULTS AND DISCUSSION

Reaction Development

Inspired by previous chiral pool approaches (see Supporting
Information for details),29−31 we proposed a diastereodiver-
gent, intramolecular, domino Heck/borylation/oxidation strat-
egy to directly afford functionalized terpenoid building blocks
from known vinyl iodide 1 (Figure 2).31 Fortunately, trapping
neopentyl-Pd(II) intermediates is a well-documented trans-
formation with a range of nucleophiles.36−43 We expected that
installation of a boron-based functional handle would provide
expedient access to oxygenated derivatives, and we were
encouraged in this pursuit by several reports of domino Heck/
borylation reactions.44−48 Though we recently explored a
carboborylation strategy to prepare the trans-decalin core of
nimbolide,49 the observed stereoselectivity was a consequence
of substrate bias exerted by a tailored cyclization precursor. We
envisioned that the development of a catalyst-controlled
stereodivergent carboborylation reaction would provide a
powerful platform to prepare functionalized trans-decalin
building blocks suitable for more diverse applications in
terpenoid synthesis.
To access the feasibility of constructing the target decalin

framework with an intramolecular carboborylation reaction, we
applied cationic arylborylation conditions with (R)-BINAP
previously disclosed by Lu and coworkers47 which delivered
the desired cyclization products 2a and 2b, albeit in poor yield
(Figure 2, L1). Encouraged by this preliminary result, the
performances of 32 ligands were evaluated under cationic
conditions (Figure 2, see Supporting Information, Table S1,
for full details). Moderate to high yields were achieved with
PHOX and Phosferrox ligands, with L12 delivering 2a in 97%

yield and >20:1 dr favoring equatorial borylation. Fortunately,
commercially available L11 provided 87% yield while
maintaining >20:1 dr (eq/ax). Josiphos, Taniaphos, and
JoSPOphos ligands (L6−L8) performed poorly by compar-
ison. Further experiments revealed that other bases, silver
additives, and solvents resulted in diminished yields and/or
diastereoselectivities (see Supporting Information, Table S2,
for details).
Extensive surveying revealed that cationic reaction con-

ditions strongly favored equatorial carbopalladation, thus
leading to rapid identification of a catalytic system that
delivered equatorial borylation product 2a in excellent yield
and diastereoselectivity. Conversely, this intrinsic bias in
reactivity hindered identification of a ligand that enabled
selective formation of axial borylation product 2b. It is well-
precedented that cationic and neutral Heck reaction manifolds
can provide divergent stereochemical outcomes,50 and we
hypothesized that conditions favoring a neutral Heck pathway
may afford axial selectivity. To obtain a reactivity baseline for
neutral conditions, a catalyst system excluding a silver additive
and comprised of tris(dibenzylideneacetone)dipalladium(0)
[Pd2(dba)3], KOAc, and B2Pin2 in DMF was evaluated.
Therein, borylated product 2 was obtained in 70% yield as a
1:1 mixture of equatorial and axial diastereomers alongside
complex mixtures of cyclopropanation byproducts (see
Supporting Information, Table S3, for details).
We then examined the effects of ligands under neutral

reaction conditions. Although Pd2(dba)3 is a widely used
precursor to soluble Pd complexes,51 it is known to exhibit
facile decomposition to Pd nanoparticles52 and variable rates of
phosphine metalation dependent on ligand structure.53 In
anticipation of extensive small-scale ligand screening, we
employed DMPDAB-Pd-MAH (Figure 2), a reliable and
convenient Pd(0) source bearing N,N′-diaryldiazabutadiene
and maleic anhydride ligands that facilitates in situ catalyst
preparation.54 First, a diverse library of approximately 70 chiral
bisphosphines was evaluated in microscale HTE format (see
Supporting Information, Table S4). This ligand class generally
suffered from low yields, with fewer than 20 bisphosphines
delivering detectable quantities of the desired products. We
then explored a variety of ligand classes (Figure 2, see
Supporting Information, Table S5, for full details) and
identified N-heterocyclic carbene (NHC) ligand L18 which
provided good yield and a slight preference for axial product
2b. In subsequent studies, a library of 24 chiral NHC ligands
failed to improve selectivity (see Supporting Information,
Table S6). Fortunately, this survey also identified phosphor-
amidites as a promising ligand class. Although the performance
of (R)-monophos (L19) was unexceptional, further explora-
tion of phosphoramidite ligands was appealing on account of
their modularity, ease of synthesis, and wide structural,
electronic, and steric tunability.
Identification of an optimal ligand structure is a challenging

task commonly resolved with extensive surveying of catalyst
libraries.55,56 This approach is reliant on commercial
availability of appropriate catalysts. Instead, we opted to
leverage diversity analysis of a large molecular in silico
library,57−60 as previously demonstrated in the context of
binaphthyl-derived phosphoric acid,61,62 disulfonimide,63 and
copper·bis(oxazoline) catalysts.64 In these studies, unsuper-
vised diversity analysis alone was sufficient to discover high
performing catalyst and ligand subclasses, regardless of the
success of downstream extrapolative regression modeling.
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Therefore, we anticipated diversity analysis would identify
regions of chemical space containing active substructures and
set out to generate a highly diverse set of phosphoramidite
ligands (referred to as a Universal Training Set, UTS).
A large in silico library of phosphoramidite structures was

created by combining BINOL cores bearing unique 3,3′-
substituents and amine fragments (see Supporting Informa-
tion, Tables S15−S17) using in-house developed software,
molli (Figure 3A).65 We anticipated that exploring a full
combinatorial phosphoramidite library, constructed from the
1,478 BINOL structures previously disclosed by the Denmark
group63 and 681 distinct amines, would be computationally
infeasible. Accordingly, we focused our attention on the
intersection of a reduced, yet still highly diverse BINOL subset
with all amines (see Supporting Information for details). The
resulting phosphoramidite structures were featurized for steric
(ASO)61 and electronic (AEIF)62,66 spatial localization in a
conformationally dependent manner (CREST67/GFN2-
xTB68//RDKit69,70). A subset of 17,676 structures (indicated
by teal dots, Figure 3B) was used to inform the cluster centroid
locations [white X’s], and expert curation of centroid
neighbors identified 20 UTS structures. A total of 49
phosphoramidites were evaluated experimentally (indicated
by pink dots, with top performing ligands highlighted by a
yellow hexagon), including 11 UTS structures, 16 control

ligands containing an unsubstituted BINOL backbone, and 22
ligands designed to test perturbations of R1 substitution or
amine structure (see Supporting Information, Table S8, for
ligand structures). An expanded library of 56,943 items [dark
blue dots] was later constructed to encompass all permutations
of substituents used in this work, including validation
structures. We note that the selected ligand set (UTS +
validation structures) extends significantly beyond the
boundaries of commercially available structures [purple
squares].
Evaluation of the aforementioned ligand set was carried out

using 10 mol % Pd(OAc)2, 20 mol % ligand, B2Pin2 (1.5
equiv), potassium 2-ethylhexanoate71 (2-KEH, 1.5 equiv), 1,4-
dioxane (0.1 M), 60 °C (see Supporting Information, Table
S7, for optimization details). These studies identified L20,
which delivered 2b in 62% yield and >20:1 dr favoring axial
borylation (Figure 3C, entry 1). The comparative performance
of structurally similar ligands revealed that reactivity was highly
sensitive to the structures of both the BINOL and amine
components. For example, simple replacement of the
trifluoromethyl groups with methyl groups resulted in
significant deterioration of selectivity (entry 2). It is note-
worthy that the 3,5-bis(trifluoromethyl)phenyl substitution
was conserved across all but one of the six ligands that
promoted a high level of axial selectivity (>10:1 dr, ax/eq) (see

Figure 2. Evaluation of ligand performance under cationic and neutral conditions. Yields were determined by SFC or 1H NMR analysis relative to
1,3,5,-trimethoxybenzene internal standard. Condition A: [(η3-allyl)PdCl]2 (4 mol %), ligand (9 mol %), Ag3PO4 (40 mol %), K2CO3 (1.5 equiv),
B2Pin2 (1.5 equiv), MeCN (0.1 M), 60 °C, 16 h. Condition B: DMPDAB-Pd-MAH (10 mol %), ligand (20 mol %), KOAc (1.5 equiv), B2Pin2 (1.5
equiv), DMF (0.1 M), 60 °C, 16 h.
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Supporting Information, Table S9, for phosphoramidite survey
results). Similarly, replacement of the dibenzazepine motif (A)
with phenoxazine (D) resulted in significantly diminished
selectivity, even when the 3,5-bis(trifluoromethyl)phenyl
substituted BINOL was conserved (entry 7). Selectivity was
not markedly influenced by minor structural alterations to the
ligand, including use of the H8−BINOL backbone (entry 4) or
employment of the saturated dibenzazepine central ring (entry
5).

Applications in Total Synthesis

We developed a multigram-scale carboborylation/oxidation
protocol to apply the diastereodivergent carboborylation
strategy in total synthesis (Figure 4A). Equatorial-selective
carboborylation, mediated by Phosferrox ligand L11, and
subsequent oxidation with sodium perborate delivered a 10:1
mixture of enones 6a and 6b in 63% combined yield on four-
gram scale. Recrystallization then provided 6a as a single
diastereomer (>20:1 dr, eq/ax) in 54% yield. Alternatively, an
axial-selective protocol mediated by phosphoramidite ligand

Figure 3. (A) Computational workflow for combinatorial library assembly, conformer generation and refinement orchestration, and 3D descriptor
calculation using molli software. (B) Principal Component projection of the ASO + AEIF chemical space, highlighting the distribution of key
structures. (C) Notable results from the HTE screening featuring the highest performing ligands and key control structures. Conditions: Pd(OAc)2
(10 mol %), ligand (20 mol %), potassium 2-ethylhexanoate (1.5 equiv), B2Pin2 (1.5 equiv), 1,4-dioxane (0.1 M), 60 °C, 16 h.
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L20 yielded 6b as a single diastereomer (1:>20 dr, eq/ax)
favoring axial functionalization in 67% yield on four-gram scale.
Compared to the traditionally employed Wieland−Miescher
ketone, enones 6a and 6b provide a more advanced entry point
to the synthesis of oxygenated terpenoids. With efficient access
to versatile building blocks, we were positioned to pursue
divergent total syntheses of several terpenoid natural products.
Abietanes

Approximately 300 known dehydroabietanes are distinguished
by unique oxidation patterns (Figure 4B).72 While abietanes
bearing C(18) oxidation (e.g., dehydroabietic acid) are
common chiral pool materials, those possessing C(19)
oxidation have significantly lower natural abundances and
limited commercial availability.73,74 Reports describing the
semisynthesis of C(19) oxidized abietanes frequently require
prohibitively expensive starting materials that are obtained
through extraction from pine resins or arduous inversion of the
C(4) quaternary center of dehydroabietic acid (>9 steps).75−77

The stereodivergent carboborylation reaction was shown to be
a powerful tool to access structurally diverse abietanes, as
demonstrated in the synthesis of seven natural products (11−
17) from enones 6a and 6b.
A uniform synthetic sequence was applied to each

diastereomeric building block to construct the abietane
skeleton (Figure 4C, top). Following silyl protection of the
C(4) hydroxymethyl group of 6, one-pot conjugate reduction
and subsequent enolate trapping with Comins’ reagent
furnished coupling partner 7. Sequential Heck coupling with
ethyl acrylate, 6π electrocyclization of an in situ generated
trienyl ketene acetal, and ester hydrolysis then delivered
tricyclic product 9.78 Lastly, triflation and Negishi coupling
with i-PrMgCl yielded the complete abietane skeleton 10.79

After establishing the abietane core, we pursued the
synthesis of seven distinct natural products (Figure 4C,
bottom). Reduction of the A-ring alkene and TBS deprotection
afforded dehydroabietol (11) or 4-epi-dehydroabietol (12).80

Dehydroabietic acid (13) and callitrisic acid (14) were
obtained, respectively, from direct oxidation of 11 and 12 to
the corresponding carboxylic acids.81 In the equatorial series,
reduction of the A-ring alkene followed by benzylic oxidation
with CrO3 and silyl ether deprotection furnished 7-oxo-abietol
(15),82 whereas sequential treatment of phthaloyl peroxide83

(PPO) followed by HF delivered 18-hydroxyferruginol (16).84

Lastly, in the axial series, application of a hydroboration/
oxidation protocol to 10 followed by silyl ether deprotection
delivered 8,11,13-abietatriene-2,19-diol (17).85

Hypophyllins E and F

Recently, a series of unique labdane natural products was
isolated from the ornamental plant Hypoestes phyllostachya
“Rosea” (Figure 4D). Zhao and coworkers characterized
rearranged labdane-type diterpenoids hypophyllins A−F
(18−23), of which several family members demonstrate
potent vasorelaxant activity.86 Hypophyllin D (21), the most
structurally complex family member, features an uncommon
8,9-dioxatricyclic[4.2.1.13,7]decane moiety. Notably, each of
these natural products bears axial substituent oxidation at
C(4). Considering the scarcity of methods delivering axial
functionalization, the stereodivergent carboborylation strategy
is well-positioned to enable pursuit of complex labdanes such
as hypophyllin D (21). Toward this end, we targeted
hypophyllin E (22), the proposed biosynthetic precursor to

hypophyllins A−D (18−21), to establish an entry point to this
family of natural products.
Our efforts began with selective hydrogenation of the

electron-rich double bond in enone 6b using Wilkinson’s
catalyst (Figure 4E).87 Sequential oxidation of the axially
disposed hydroxymethyl group to the corresponding carboxylic
acid, methyl esterification, and triflation of the B-ring enone
then provided dienol triflate 24. Notably, use of 2-
azaadamantane-N-oxyl (AZADOL) was necessary to achieve
direct oxidation of the primary alcohol to a carboxylic acid.88

Following selective dihydroxylation of the more accessible
double bond of dienol triflate 24, the full hypophyllin carbon
skeleton was established by Kuwajima-Urabe coupling with
silyl enol ether 25.89,90 Following liberation of the acyl furan
motif with TBAF, Crabtree’s catalyst affected hydroxyl-
directed hydrogenation of the tetrasubstituted double bond
to deliver diol 26. Optimization studies indicated that
substitution of the PF6− counterion with BArF− and the use
of elevated H2 pressure provided superior hydrogenation
yields.91 Finally, inversion of the C(5) alcohol was achieved by
sequential treatment of 26 with IBX and sodium triacetox-
yborohydride to deliver hypophyllin E (22).92 The penulti-
mate IBX oxidation yielded a mixture of products, including
hypophyllin F (23) (see Supporting Information for details).
Investigation of Diastereoselectivity

To gain detailed insights into the origin of diastereoselectivity,
density functional theory (DFT) calculations were carried out
at the M06/6-311+G(d,p)-SDD(Pd, Fe, Ag, I)/SMD//
B3LYP-D3/6-31G(d)-SDD(Pd, Fe, Ag, I) level of theory for
axial-selective reaction conditions with phosphoramidite ligand
L20 (Figure 5, see Supporting Information for details).
Initially, ligand exchange with Pd(0) species I-1 affords
Pd(0)-substrate complex I-2. The activation barrier for the
subsequent oxidative addition through transition state TS-1 is
calculated to be 19.0 kcal/mol relative to I-1. From the
resulting vinylPd(II) intermediate I-3, an ethyl hexanoate
anion (modeled by isobutyrate anion to reduce computational
cost) coordinates to the Pd center to afford a more stable
Pd(II) “ate” complex I-4.71 Then, dissociation of the iodide
ion and coordination of the alkene moiety generates the
reactive Pd(II)−alkene π-complexes I-5-ax (black) and I-5-eq
(blue). Migratory insertion can occur at either the (Si)- or
(Re)-faces of the alkene to form a new C−C single bond via
TS-2-ax and TS-2-eq with activation barriers of 22.7 and 24.9
kcal/mol relative to I-4, respectively. The resulting Pd(II)-alkyl
intermediates I-6-ax/I-6-eq undergo transmetalation in a
stepwise fashion: barrierless complexation of B2Pin2 to the
isobutyrate anion followed by B−B bond cleavage generates
Pd(II)-boryl species I-7-ax/I-7-eq. The activation barriers for
the transmetalation transition states TS-3-ax and TS-3-eq are
calculated to be 20.6 and 21.9 kcal/mol relative to I-6-ax and
I-6-eq, respectively. Finally, I-7-ax/I-7-eq undergo rapid
reductive elimination via TS-4-ax/TS-4-eq to provide axial
and equatorial products 2b and 2a, respectively. According to
this energy profile, migratory insertion (via TS-2) is both the
turnover-limiting and diastereoselectivity-determining step
with a Gibbs free energy difference of 2.2 kcal/mol
corresponding to 39:1 dr favoring the axial diastereomer.
The calculated selectivity is in good agreement with the
experimental result of 20:1 dr (ax/eq).
Thorough analyses of the migratory insertion transition

states TS-2-ax and TS-2-eq were performed (Figure 6).
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Noncovalent interaction (NCI) analysis93 indicates that TS-2-
ax is stabilized by strong dispersion/electrostatic interactions

between substrate 1 and the CF3 groups of phosphoramidite
ligand L20 (indicated by green to blue regions, Figure

Figure 4. Applications in total synthesis. (A) Multigram scale diastereodivergent carboborylation/oxidation protocol, (B) representative abietane
natural products, (C) synthesis of structurally diverse dehydroabietanes, (D) labdane natural products isolated from Hypoestes phyllostachya“Rosea”
and (E) synthesis of hypophyllins E and F.
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6A).94−96 Distortion-interaction analysis (DIA)97,98 was then
performed to dissect the activation energy into energy terms
(Figure 6B). Minor contributing energy terms describing the
isobutyrate ion were not analyzed. DIA calculations reveal that
substrate−ligand NCIs play a crucial role in diastereoselectivity
with an energy difference ΔΔEint‑space of −4.5 kcal/mol
favoring the axial product (Figure 6B). To quantitatively
deconstruct NCIs into chemically meaningful energy terms,
energy decomposition analysis (EDA) was performed using
the Symmetry-Adapted Perturbation Theory algorithm.99−102

EDA calculations show that in TS-2-ax, electrostatic and
dispersion interactions are 1.7 and 3.8 kcal/mol stronger (i.e.,
more negative) than those in TS-2-eq, which is consistent with
the NCI regions shown in Figure 6A.
To further study the effects of the CF3 groups on

diastereoselectivity, calculations were performed to describe
migratory insertion transition states using 3,5-bis(methyl)-
phenyl-substituted ligand L21. The Gibbs free energy
difference between TS-2′-ax and TS-2′-eq is only 0.8 kcal/
mol, which corresponds to 4:1 dr (ax/eq) and closely mirrors
the experimental outcome (5:1 dr ax/eq). DIA calculations
suggest that low diastereoselectivity results from inversion of
substrate−ligand NCIs compared to L20 (ΔΔEint‑space are −4.5
and 1.6 kcal/mol for L20 and L21, respectively, Figure 6B).
EDA calculations show this inversion mainly arises from
favorable electrostatic and dispersion interactions in TS-2′-eq
compared to TS-2′-ax (ΔΔEelstat of 1.6 kcal/mol, ΔΔEdisp of
0.4 kcal/mol) (Figure 6C). Visualization of the NCI regions
(highlighted by red dots, Figure 6A) identifies a stabilizing
electrostatic contribution between the carbonyl group of the
substrate and the methyl group of ligand L21 in TS-2′-eq.
Additionally, weaker dispersion in TS-2′-ax owing to the
smaller size of a methyl group compared to a CF3 group

contributes to comparable dispersion difference in TS-2′-ax
and TS-2′-eq (Figure 6C). Taken together, these calculations
reveal that substrate−ligand NCIs are the main factors that
control the selectivity for the carboborylation under axial-
selective conditions.
Next, DFT calculations were performed to investigate the

mechanism for carboborylation under equatorial-selective
reaction conditions using Phosferrox ligand L11 (see
Supporting Information, Figure S10, for details). Similarly,
migratory insertion was found to be the diastereoselectivity-
determining step. Under these conditions, equatorial boryla-
tion is calculated to be 1.4 kcal/mol more favorable, which
corresponds to a 12:1 dr (eq/ax) consistent with the
experimental selectivity of 20:1 dr (eq/ax). Here again, NCI
analysis, DIA, and EDA calculations were performed to
investigate the origin of selectivity (see Supporting Informa-
tion, Figure S11, for details). Substrate distortion and
substrate−ligand steric repulsion were found to be the most
significant contributors to equatorial selectivity.

■ CONCLUSION
Limited access to structural analogs and high synthetic costs
are common barriers to the preparation and use of complex
terpenoids. To ameliorate these challenges, we have developed
an efficient, stereodivergent carboborylation strategy yielding
diastereomeric building blocks found in thousands of natural
products containing oxidized trans-decalin cores. Identification
of axial- and equatorial-selective catalysts was accomplished
through synergistic application of HTE and unsupervised
diversity analysis of an in silico phosphoramidite library.
Computational analysis suggests that diastereoselectivity is
governed by key substrate−ligand noncovalent interactions or
ligand/substrate distortion under axial- and equatorial-selective

Figure 5. Computed free energy profile (in kcal/mol) for the Pd-catalyzed carboborylation reaction under axial-selective conditions using
phosphoramidite ligand L20. The ethyl hexanoate anion is replaced by isobutyrate anion to reduce computational cost.
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conditions, respectively. This method provides an advanced
entry point to the synthesis of highly oxygenated terpenoid
natural products, and its synthetic utility was validated in the
total synthesis of several diterpenoids. We anticipate this
strategy will enable the synthesis of complex bioactive
terpenoids with diverse architectures.
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