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ABSTRACT: The construction of diversely substituted all-carbon
quaternary centers has been a longstanding challenge in organic
synthesis. Methods that add three alkyl substituents to a simple
C(sp3) atom rely heavily on lengthy multiple processes, which
usually involve several preactivation steps. Here, we describe a
straightforward three-step sequence that uses a range of readily
accessible activated trichloromethyl groups as the carbon source,
the three C−Cl bonds of which are selectively functionalized to
introduce three alkyl chains. In each step, only a single C−Cl bond
was cleaved with the choice of an appropriate Lewis base−boryl
radical as the promoter. A vast range of diversely substituted all-
carbon quaternary centers could be accessed directly from these activated CCl3 trichloromethyl groups or by simple derivatizations.
The use of different alkene traps in each of the three steps enabled facile collections of a large library of products. The utility of this
strategy was demonstrated by the synthesis of variants of two drug molecules, whose structures could be easily modulated by varying
the alkene partner in each step. The results of kinetic and computational studies enabled the design of the three-step reaction and
provided insights into the reaction mechanisms.

1. INTRODUCTION
Organic molecules containing three alkyl-substituted all-carbon
quaternary centers are broadly used as pharmaceuticals and
functional materials (some representative examples are shown
in Figure 1a).1,2 The structure and properties of the
substituents dictate the function and utility of the products.3

Thus, developing efficient and economical strategies to access
these molecules, in particular, methods that can increase the
diversity of the three alkyl substituents with ease, is an
important goal of organic chemistry.4−7 In this context, the
methyl carbon atom is considered to be a simple source to
introduce three distinct alkyl substituents, and the three C−H
bonds are the objects for stepwise manipulations. However,
due to the tremendous challenges associated with the direct
activation of these three C−H bonds with high selectivity, the
reaction sequence inevitably relies on lengthy multistep
processes,8 wherein several preactivation steps are required
prior to the desired alkylation reactions (Figure 1b, left), thus
resulting in low efficiency, high costs, and massive amounts of
waste. Furthermore, although the use of other precursors to
make three alkyl-substituted all-carbon quaternary centers have
been reported,9−16 the preparation of specific substrates/
intermediates and the variation of each alkyl chain to enrich
the product library are still rather difficult and time-consuming.
As an alternative, a straightforward three-step process that

sequentially cleaves the three C−Cl bonds of trichloromethyl

groups is perceived to be a particularly attractive route (Figure
1b, right) because (i) many trichloromethyl (CCl3) sources
(i.e., CCl3CO2H manufactured industrially) are bulky chem-
icals and are also easy to insert;17 (ii) C(sp3)−Cl bonds can
engage in various types of C−C bond-forming reactions;18−26

(iii) monochlorinated tertiary stereocenters resulting from two
C(sp3)−Cl functionalizations are valuable structural motifs
that can be found in a large number of bioactive molecules27,28

and can also serve as useful synthetic intermediates;29−41 and
(iv) this streamlined sequence not only obviates any
preactivation steps but also allows for convenient and facile
variations of each substituent. However, this promising strategy
has not yet been reported, and a main hurdle is the comparable
reactivity of C−Cl bonds in chemically similar tri- and
dichloroalkyl groups that induces inferior control of chemo-
selectivity during the dechlorination process. Furthermore,
tertiary alkyl chlorides are often chemically inert, and their
activation depends on transition-metal-involved oxidative
addition/single electron reduction29−38 or metal-promoted
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Cl atom abstraction.39−41 Thus, alkylation reactions to
assemble all-carbon quaternary centers substituting three or
even four different alkyl groups remain difficult.38−40

We speculated that the use of Lewis base−boryl radicals as
promoters might meet the aforementioned challenges. These
species could be generated from the readily available and
inexpensive Lewis base−borane complexes through hydrogen
atom abstraction under mild reaction conditions.42,43 More
importantly, their structure and reactivity could be easily
modulated by modifying the Lewis base motif and the boron
substituent,44−47 thus offering ample opportunities to tune the
reactivity and chemoselectivity during the dechlorination
process. Although several Lewis base−boryl radicals have
proven to be effective in the reduction of reactive organic
iodides and bromides,48−52 synthetically valuable reactions
with chlorides, particularly for selective functionalizations of
CCl3 groups, are underdeveloped. Recently, we disclosed a
remarkable 4-dimethylaminopyridine (DMAP) boryl radical-
promoted two-stage process for sequential C−F bond

functionalizations of trifluoroacetamides and acetates;53 this
strategy, however, involves relatively inert CF3 groups (bond
dissociation energy of 128 kcal mol−1 for the C−F bonds in
CHF3) that would not be applicable to more reactive CCl3
groups (bond dissociation energy of 74 kcal mol−1 for the C−
Cl bonds in CHCl3).

54 Moreover, this method was only
effective for the CF3 groups attached to amide or ester
carbonyl moieties. Therefore, to achieve selective and broadly
applicable methods for stepwise functionalizations of a broad
range of CCl3 groups, exploring mechanistically and essentially
distinct strategies is highly desirable. Herein, we report a
straightforward strategy that enables a three-step sequence to
consecutively and selectively alkylate the three C−Cl bonds of
activated trichloromethyl groups (Figure 1c). Kinetic and
computational studies were performed to guide the rational
design of three sets of reaction conditions; in each one, an
appropriate Lewis base−BH3 complex was reasonably chosen
as the boryl radical precursor to ensure both high chemo-
selectivity and efficiency. The mechanism of the cleavage for

Figure 1. Importance and construction of all-carbon quaternary centers tethering three alkyl substituents.
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the three C−Cl bonds was also studied. Notably, a broad range
of diversely substituted all-carbon quaternary centers could be
accessed directly from activated CCl3 groups or by simple
derivatizations. The utility of this strategy was demonstrated by
the synthesis of variants of two drug molecules, whose
structures could be easily modulated by varying the alkene
partner in each step, and the resulting diverse products are
expected to be of substantial interest in medicinal studies.

2. RESULTS AND DISCUSSION
2.1. Reaction Development. Our investigation started

with attempts to sequentially functionalize the three C−Cl
bonds of α,α,α-trichloroamides. Trichloro 2a, dichloro 3a, and
monochloro 4a were first chosen as the model substrates to
test the chemoselectivity and reactivity (Scheme 1a). A set of
Lewis base−boryl radicals I−IV with different electronic
properties were selected as the potential activators. To obtain
more insights into the continuous dechlorination process,

kinetic and computational studies were performed. The rate
constants of the quenching of boryl radicals I−IV by 2a and 3a
were measured using laser flash photolysis (LFP) experiments
(Figures S1−S14).55 The results showed that 2a reacted with
each boryl radical approximately an order of magnitude greater
than 3a (Scheme 1a), indicating a possible high chemo-
selectivity control during dechlorination. The calculation
results also showed that the chlorine atom abstraction of 3a
had higher activation energies than that of 2a (ΔΔG‡ = 4.3,
3.8, 3.4, and 3.9 kcal mol−1 for I, II, III, and IV, respectively;
Table S8). Indeed, treatment of 2a with boryl radical
precursors 1 in the presence of a radical initiator led to the
sole formation of 3a in good yields, and the further reduction
of 3a to form 4a was observed only to a slight extent (Table
S1, entries 1−7). It should be noted that the reduction
reactions of 2a using Bu3SnH,

56 (Me3Si)3SiH,
57 or

NaBH3CN
58 as promoters led to a mixture of 3a and 4a

with inferior selectivity (Table S1, entries 8−11). In addition,

Scheme 1. Reaction Developmenta,b,c

aReaction conditions: 2a (0.3 mmol), 5a (2 equiv), 1 (1.2−1.5 equiv), DLP (50 mol %), PhSH (20 mol %) in PhCF3 (0.1 M), 80 °C, 0.5−2 h.
bReaction conditions: 6a (0.1 mmol), 5b (2 equiv), 1 (1.5 equiv), DLP (50 mol %), PhSH (20 mol %), H2O (10 equiv) in PhCF3 (0.1 M), 80 °C,
0.5−10 h. cH2O (10 equiv) was added. NHC-BH3 (1b), 1,3-dimethylimidazol-2-ylidene borane.
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Scheme 2. Substrate Scope of Two Consecutive Dechlorination Reactions of Trichloromethyl Groupsa,b,c,d,e

aReaction condition I: substrate 2 (0.2 to 0.3 mmol), alkene-1 (2 equiv), 1c (1.5 equiv), DLP (50 mol %), PhSH (20 mol %), H2O (10 equiv) in
PhCF3 (0.1 M), 80 °C, 1.5−10 h (isolated yields of 6 are given in the gray boxes); reaction condition II: compound 6 (0.1 to 0.3 mmol), alkene-2
(2−3 equiv), 1d (1.5−2 equiv), DLP (50 mol %), PhSH (20 mol %), H2O (10 equiv) in PhCF3 (0.1 M), 80 °C, 2−10 h, yields were recorded
relative to 6 as the starting material. bAlkene (8 equiv) was used. cThe competing reduction product was formed in 70% yield. d1b was used. e1d
was used.
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the quenching of boryl radicals I-IV by 4a was not detectable
at 25 °C, indicating the lower reactivity of this monochloride.
After demonstrating that the selected boryl radical species

exhibited high chemoselectivity, we next attempted to achieve
stepwise dechlorinative coupling reactions with alkenes.
Although some intramolecular trapping reactions of α,α-
dichloro carbonyl radicals have been reported to form
lactams,59,60 intermolecular versions remain challenging and
unexplored. Indeed, when 2a was treated with styrene (5a)
using 1a or 1b as the boryl radical precursor, the competing
reduction product 3a was formed in higher yields than the
coupling product 6a (Scheme 1b, entries 1 and 2). Additional
experiments showed that 3a was derived from hydrogen atom
transfer (HAT) from electron-rich 1a and 1b to the
electrophilic radical Int-4 (Table S2, entries 3 and 4). This
reduction reaction was calculated to proceed with an activation
energy similar to that of the addition (TS-1, 8.4 kcal mol−1,
Scheme 1c) to 5a (ΔΔG‡ = −0.7 and 0.1 kcal mol−1 for 1a and
1b, respectively, Scheme 1b, entries 1 and 2), thereby resulting
in low selectivity. To suppress this competing HAT process,
we reasoned that the boryl radical precursors 1c and 1d would

be better choices, as the cyano group could decrease the
electron density and cause the HAT process to be polarity-
mismatched.61 The activation energy differences (ΔΔG‡)
between reduction and coupling indeed increased to 4.2 (for
1c, Scheme 1b, entry 3) and 1.3 kcal mol−1 (for 1d, Scheme
1b, entry 4), respectively. The experimental results demon-
strated that 1c was the optimal reactant, furnishing the
coupling product 6a in 67% yield and 3a in only a trace
amount (Scheme 1b, entry 3). The addition of 10 equiv of
water could improve the product yield to 76% (Scheme 1b,
entry 3). We assumed that water may quench the generated
DMAP-BH(CN)Cl, thus reducing side reactions caused by this
electrophilic species.62 For dechlorinative coupling of 6a, the
reactions with 1c and 1d again gave superior selectivity (ΔΔG‡

= 4.1 and 2.5 kcal mol−1, respectively, Scheme 1d, entries 3 and
4) in comparison to those of 1a and 1b (ΔΔG‡ = 0.4 and 0.1
kcal mol−1, respectively, Scheme 1d, entries 1 and 2), and 7a
was obtained in 85% yield using 1d as the boryl radical
precursor (Scheme 1d, entry 4). The detailed optimization
studies of these reactions are provided in the Supporting
Information (Tables S2 and S3).

Scheme 3. Dechlorinative Coupling of the Third C−Cl Bonda,b,c,d

aReaction condition III: substrate 7 (0.1 to 0.3 mmol), alkene (8 equiv), 1a (3 equiv), DLP (50 mol %), PhSH (20 mol %), NaH2PO4·2H2O (1.2
equiv) in PhCF3 (0.1 M), 80 °C, 4−10 h. BDE, bond dissociation energy. bReactions were carried out at 120 °C using di-tert-butylperoxide (50
mol %) as the radical initiator. c1d was used. dAll of the BDEs were calculated at the CBS-4M level.
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2.2. Substrate Scope of Two Consecutive Dechlori-
nation Reactions of Trichloromethyl Groups. The
dechlorinative coupling reactions of tri- and dichloro molecules
showed excellent chemoselectivity and a broad substrate scope
(Scheme 2). Under reaction condition I, only a single C−Cl
bond was cleaved, giving α,α-dichloro carbonyl radicals that
coupled with a wide range of alkenes to afford various dichloro
products 6. Further cleavage of the second C−Cl bond did not
occur at this point, and the competing reduction reaction
pathway was also not observed in most cases. After switching
to condition II, a second C−Cl bond was selectively cleaved,
and the resulting α-monochlorocarbonyl radicals reacted with
alkenes to form a vast range of monochloro products 7. The
competing reduction reaction could be suppressed by
increasing the amount of alkene. N-Aryl and N-alkyl amides
bearing a variety of functional groups were converted to the

corresponding di- and monochloro products (6b−6j, 7b−7j)
in good yields (Scheme 2a). The tertiary amide 2i was also
compatible, giving 6i/7i in synthetically useful yields. Intra-
molecular trapping of the α,α-dichloro carbonyl radical
intermediate proceeded smoothly, leading to cyclic product
6k, which underwent a second dechlorination reaction to
provide 7k in 67% yield. Ethyl 2,2,2-trichloroacetate was also a
viable substrate, affording dichloro (6l, 6m) and monochloro
products (7l, 7m) in good yields. For aliphatic alkenes with
relatively low reactivity, the first reaction with the α,α-dichloro
carbonyl radical intermediates proceeded efficiently (6e−6h,
6l−6m), but the second step of the reaction was sluggish (7h)
and the competing reduction reaction was predominant. An
internal alkene was a competent coupling partner as well (6d).
Gram-scale syntheses of 6d and 6l were also achieved in good
yields.

Scheme 4. Mechanistic Studies and a Proposed Reaction Mechanism
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The application of this stepwise dechlorination strategy was
then expanded to other kinds of trichloromethyl groups
(Scheme 2b). A number of trichloromethyl groups tethered to
the cyano (2n), trifluoromethyl (2o), or aryl (2p or 2q)
groups were selectively coupled with various alkenes,
producing the corresponding dichloro and monochloro
products in good yields. For the reactions of 2p and 2q,
borane 1c was found to be ineffective, while the change to 1d
could promote efficient chlorine atom transfer. The cleavage of
the C−Cl bond of dichloro products 6o, 6p, and 6q was more
difficult, and the use of electron-rich boryl radical II was
required. Remarkably, subjecting carbon tetrachloride to
condition I resulted in the functionalization of only a single
C−Cl bond, and the subsequent reaction under condition II
gave product 7r in 71% yield. Chloroform also participated in
this transformation under the condition II, affording
dichloromethyl-substituted product 6s, while a further reaction
to cleave a second C−Cl bond was unsuccessful due to the
high BDE (84.3 kcal mol−1, Table S7, entry 4) and the high
activation energy of (ΔG‡ = 20.1 kcal mol−1, Figure S15) of
the chlorine atom transfer. Late-stage modifications of
bioactive molecules were also performed (Scheme 2c). The
reaction of trichloroamide 2c with an estrone-derived alkene
followed by coupling with another alkene gave monochloro-
modified product 7t in good yield. Diversification reactions of
amine- or alcohol-containing bioactive molecules were carried
out, and a broad array of functional groups were successively
incorporated via the creation of a chloro-substituted tertiary
carbon center (7u-7w). Interestingly, two bioactive molecules
could be connected with an α-monochloroamide (7x) linker,
where an additional alkyl group was incorporated concurrently.
2.3. Substrate Scope of Dechlorination of the Third

C−Cl Bond. After successfully functionalizing two C−Cl
bonds, we next attempted to derivatize the third one, which
would yield all-carbon quaternary centers, on which three
different flexible and editable alkyl groups were anchored.
However, when monochloro 7a was treated with 4-
methylstyrene using 1b, 1c, and 1d as boryl radical precursors
(Table S4, entries 2−4), almost no dechlorination occurred,
presumably due to the high BDE of such a tertiary C−Cl bond
(i.e., 81 kcal mol−1 for 4a, Table S7, entry 2), which hinders
the direct chlorine atom transfer. To our delight, when 1a was
employed, the desired coupling product 9a was obtained in
65% yield, although the competing reduction product was also
formed in 28% yield (Table S4, entry 1). The dechlorinative
coupling with the third alkene under condition III also
demonstrated a broad substrate scope, allowing the con-
struction of a wide variety of products containing an α all-
carbon quaternary center with three alkyl chains (Scheme 3). A
large amount of alkene was required to prevent the competing
reduction reactions. Both N-aryl and N-alkyl amides could be
converted to the corresponding products 9. A cyclic amide
product 9f was also successfully assembled. α-Monochloro
esters 7l and 7m were also capable of coupling with a third
alkene to access quaternary carbon centers. Notably, the
reaction of α-monochloronitrile 7n using 1d as the boryl
radical precursor also proceeded, producing a nitrile-bound
quaternary center bearing three distinct alkyl groups (9i). In
this case, the BDE of the C−Cl bond in 7n was computed to
be 74.1 kcal mol−1 (Table S7, entry 6), and chlorine atom
transfer might take place to give the corresponding tertiary
carbon radical intermediate. However, the reactions with 7o,
7p, and 7r were unsuccessful because these C−Cl bonds have

much higher BDE values (85.6, 80.9, and 84.6 kcal mol−1 for
7o, 7p, and 7r, respectively; Table S7, entries 8, 10, and 12)
and that the chlorine atom transfer is energetically not feasible
using DMAP-BH2• as the promoter. The effect of other radical
promoters was also tested. It was found that when Bu3SnH was
used instead of DMAP-BH3, hydrodechlorination of 7r
occurred, while no coupling product was detected even when
excess amounts (8 equiv) of 4-methylstyrene was employed. In
this case, the resulting radical intermediate was reduced by
Bu3SnH very rapidly, thus impeding the radical addition to the
alkene partner. It should also be mentioned that simple alkenes
are not applicable, as the radical addition becomes much
slower and the competing reduction product is formed
predominantly.
2.4. Mechanistic Studies. To gain insight into the

reaction mechanism, mechanistic experiments and computa-
tional studies were conducted. When an alkene bearing a
radical clock was treated with 2a or 6a under standard
condition I or condition II, respectively, cyclopropane ring-
opening products were obtained, verifying the involvement of
Int-4 and Int-5 in the reaction processes (Scheme 4a). DFT
calculations revealed that boryl radicals III and IV undergo
chlorine atom transfer with reasonable energy barriers
(Scheme 4b, 7.0 kcal mol−1 for TS-5 and 12.3 kcal mol−1 for
TS-7). Based on our previous findings,53,63 a pathway involving
the addition of these boryl radicals to the carbonyl oxygen
atoms of 2a or 6a was also considered. However, computa-
tional results showed that higher activation energies (9.7 kcal
mol−1 for TS-6 and 16.6 kcal mol−1 for TS-8) were required,
and this pathway was thus considered to be less likely.
Likewise, the chlorine atom transfer took place selectively and
efficiently for 2n-2s and 6n-6r with the corresponding boryl
radicals. On the other hand, a different mechanism was
involved in the dechlorination of 7a. In this case, the attack of
boryl radical I to the amide oxygen atom occurred with an
activation energy of 13.7 kcal mol−1, which was lower than that
of direct chlorine atom transfer (14.6 kcal mol−1, Scheme 4c,
left). Kinetic studies further revealed that the quenching
constant of I decreased (7ab > 7ac ≫ 7ad, Scheme 4c,
middle) as the R4 group became more electron-donating, and
it became undetectable (<1 × 105 M−1 s−1) for 7ad. This was
correlated with the trend of the increasing singly occupied
molecular orbital (SOMO) and lowest unoccupied molecular
orbital (LUMO) gaps between I and the carbonyl moiety.
These findings suggested that boryl radical I prefers to attack
the carbonyl oxygen atom,63,64 which then induces a spin-
center shift (SCS) process to give Int-7 with the elimination of
HCl38,65,66 (Scheme 4c, right). DFT calculations revealed that
HCl was eliminated spontaneously after the addition of boryl
radical I, indicating a very rapid SCS process (Figures S18 and
S19). The reactions of 7a with boryl radicals II, III, and IV
were also computed, and the results revealed that both chlorine
atom transfer and boryl radical addition were found to proceed
with much higher activation energies (Table S11). These
findings were correlated with the experimental results. By
considering all of the above results together, we proposed the
reaction mechanism shown in Scheme 4d. In brief, α,α,α-
trichloroacetamide 2a and α,α-dichloroamide 6a preferentially
undergo chlorine atom transfer to boryl radicals III and IV,
giving Int-4 and Int-5, respectively. In this dechlroination, a
resonance stabilization contributed by the adjacent functional
group, such as aminocarbonyl, cyano, aryl, and trifluoromethyl
groups, plays an important role in facilitating this step. On the
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other hand, α-monochloroamide 7a undergoes boryl radical
addition together with an SCS process to eliminate a molecule
of HCl, affording Int-7. These radical intermediates are
trapped by alkenes, followed by hydrogen atom transfer from
a thiol catalyst, furnishing the corresponding coupling products
and a thiyl radical. In the first dechlorinative coupling reaction,
both activated and nonactivated alkenes can be used. However,
the next two reactions rely mainly on styryl type alkenes, as the
radical addition of these sterically more congested radical
intermediates slows down and the aryl stabilization of the
resulting radical intermediates is crucial to favor the reaction.
Otherwise, the hydrodechlorination proceeds preferentially.
Eventually, the formed thiyl radical in turn abstracts a
hydrogen atom from boranes 1 to propagate the radical
chain process.61 The detailed computational studies of these
reactions are provided in the Supporting information (Figures
S16−S18).
2.5. Synthetic Applications. To amplify the synthetic

utility of this straightforward dechlorination strategy, the
obtained trialkyl substituted products were transformed into a
variety of versatile building blocks and drug analogues, which
are of great interest in synthetic and medicinal chemistry
(Scheme 5). For example, the reduction reactions of 9a and 9i
afforded β-trialkyl-substituted N-aryl amine 12 and free amine
13, respectively. An α all-carbon quaternary-substituted ketone

14 was afforded by the nucleophilic addition of MeLi to 9i
followed by hydrolysis. The removal of the S-benzyl group of
9c followed by acylation furnished a variant of dalcetrapib
(15), which is a cholesteryl ester transfer protein inhibitor.67

Compound 9g tethering an α-trialkyl-substituted quaternary
center is structurally analogous to gemfibrozil,68 which is a
medication that helps with cholesterol problems. Reduction of
9g gave an alcohol derivative 16, which could be selectively
oxidized to aldehyde 17. Further oxidation afforded carboxylic
acid 18. Alternatively, the treatment of 17 with a Wittig
reagent yielded alkene 19. We can expect that more
biologically interesting structures are accessible by changing
the alkene coupling partners or further transformations of
these resulting building blocks.

3. CONCLUSIONS
In summary, the results described here demonstrate a
straightforward three-step sequence to assemble all-carbon
quaternary centers from readily accessible trichloromethyl
groups. The three C−Cl bonds were selectively and
sequentially cleaved, and the resulting radical intermediates
then coupled with alkenes to introduce three distinct alkyl
chains. We expect that this strategy will be applicable to other
polychlorinated molecules and show significant utility for the

Scheme 5. Synthetic Applicationsa

aReaction conditions: (1) BH3·THF (3 equiv), THF, 0−60 °C, 12 h; (2) LiAlH4 (3−5 equiv), THF, 0 °C−rt, 4−12 h; (3) MeLi (4 equiv), THF,
−40 °C to rt, 2 h; (4) AlCl3 (4 equiv), toluene, 35 °C, 12 h, then isobutyryl chloride (1.5 equiv), pyridine (2.5 equiv), CH2Cl2, 0 °C−rt, 12 h; (5)
Dess−Martin periodinane (2.5 equiv), CH2Cl2, 0 °C−rt, 4 h; (6) NH2SO3H (2 equiv), NaClO2 (2 equiv), CH2Cl2, rt, 2 h; (7) Ph3PCH2Br (2.5
equiv), n-BuLi (2.6 equiv), THF, 0 °C, 30 min, then with 17, reflux, 12 h.
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economical synthesis of various densely substituted products
with broad uses. Moreover, the cooperation of the present
strategy with well-developed enantioselective radical reactions,
such as chiral auxiliaries, organocatalysis, and chiral transition-
metal catalysis,69 may provide a new platform to make chiral
all-carbon quaternary centers.
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