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ABSTRACT: A copper-catalyzed regio- and stereoselective allylboration of 1-trifluoromethylalkenes with bis(pinaco-
lato)diboron (pinB–Bpin) and allylic chlorides has been developed to form functionalized trifluoromethylated products with 
high diastereoselectivity.  The key to success is the judicious choice of Cs2CO3 base and t-Bu-modified dppe-type ligand, 
which enables the otherwise challenging high catalyst turnover and suppression of the competing defluorination side 
reaction from an alkylcopper intermediate.  The product derivatization of the resulting Bpin moiety can deliver diverse 
CF3-containing molecules with high stereochemical fidelity. 

Since the introduction of the fluorine atom into parent or-
ganic molecules often increases the lipophilicity and met-
abolic stability to improve the biological activity, fluori-
nated compounds have received significant attention in 
the fields of pharmaceutical and medicinal chemistry.1  In 
particular, the trifluoromethyl (CF3) group is most fre-
quently found in marketed drugs and agrochemicals.2  Ac-
cordingly, numerous synthetic strategies for the prepara-
tion of CF3-containing organic molecules have been de-
veloped.3  Among them, the selective functionalization of 
CF3-substituted substrates is a powerful way to synthe-
size structurally diverse fluorinated molecules.3c,d  Re-
cently, many synthetic chemists have focused on 1-trifluo-
romethylalkenes as CF3-containing starting platforms and 
developed a variety of transition-metal-catalyzed coupling 
reactions with external nucleophilic components to afford 
the corresponding organofluorine compounds with in-
creased molecular complexity (Scheme 1).  However, al-
most all reported procedures involve the defluorination 
process from an a-CF3 alkylmetal intermediate via b-F 
elimination, thus giving the corresponding gem-difluoroal-
kenes as main products (path a).4  The CF3-compatible 
catalytic functionalization through the electrophilic trap-
ping of the intermediate is theoretically possible but still 
remains underdeveloped (path b),5 except for specially 
designed substrates conjugated with additional activating 
groups such as vinyl, Ar, NO2, and carbonyl.6 
Our group recently succeeded in developing of copper-
catalyzed hydrofunctionalizations of 1-trifluoromethylal-

kenes with hydrosilane nucleophiles and external electro-
philes (Scheme 2a), in which the CF3 group was success-
fully retained by the judicious choice of supporting ligands 
and basic additives.5a,b  In our continuing interest in this 
chemistry, we envisioned that replacement of the hy-
drosilane with bis(pinacolato)diboron (pinB–Bpin) ena-
bled the borylative difunctionalization of the 1-trifluoro-
methylalkene.  Herein, we report a copper-catalyzed re-
gio- and stereoselective allylboration with pinB–Bpin and 
allylic chlorides (Scheme 2b).7  The combination of modi-
fied dppe-type ancillary ligands and Cs2CO3 base suc-
cessfully promotes the otherwise challenging difunction-
alization over the defluorination side reaction.  The related 
deuterioboration using pinB–Bpin and D2O was reported 
by Hoveyda,5c but the application of other electrophiles is 
not trivial, to the best of our knowledge. 
 
Scheme 1. Defluorinative Functionalization vs Difunc-
tionalization of 1-Trifluoromethylalkenes 

 
Scheme 2. CF3-Compatible Catalytic Functionaliza-
tions of 1-Trifluoromethylalkenes 
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On the basis of our previous work on the hydroallylation 
reaction,5b our initial trial was performed with the 1-trifluo-
romethylalkene 1a, pinB–Bpin (3.0 equiv), and prenyl 
chloride (2a; 2.0 equiv) in the presence of 
Cu(CH3CN)4PF6/MeO-dppbz catalyst and Cs2CO3 base at 
room temperature (Table 1, entry 1).  The desired al-
lylborated product 3aa was obtained in 40% 1H NMR yield 
with high regioselectivity and >99:1 syn/anti ratio, but the 
conversion was moderate and the possible gem-difluoro-
alkene byproduct 4a was also formed in 10 % yield.  The 
parent dppbz and related substituted dppbz ligands such 
as t-Bu-dppbz and DTBM-dppbz were then tested, but no 
significant improvement was observed (entries 2–4).  
Thus, we moved attention to structurally relevant but more 
electron-donating ethylene-bridged analogues, dppe lig-
ands.8  While the MeO-dppe ligand showed performance 
and selectivity similar to MeO-dppbz (entry 5), t-Bu-dppe 
and DTBM-dppe dramatically increased the yield of 3aa 
to 94 and 80% yields, respectively (entries 6 and 7).  Sev-
eral other para- and meta-substituted dppe derivatives as 
well as the parent dppe were also examined, but moder-
ate conversion and chemoselectivity were observed re-
gardless of their electronic nature of substituents (entries 
8–14).  The choice of base was also critical: less basic 
CsOPiv, K2CO3, and KOPiv resulted in lower conversion 
(entries 15–17), whereas NaO-t-Bu and LiO-t-Bu mainly 
afforded the gem-difluoroalkene 4a (entries 18 and 19) by 
the b-F elimination from an a-CF3 alkylcopper intermedi-
ate (Scheme 1), which is accelerated by strong interaction 
between F and Na or Li alkali metal.5c,9  The suitable ba-
sicity of Cs2CO3 promotes regeneration of the catalytically 
active Cu-Bpin species (Scheme S3a) while its lower af-
finity to F and B atoms5c effectively suppresses the unde-
sired b-F elimination.  We also tested pinB–Bdan and 
neoB–Bneo instead of pinB–Bpin, but the targeted al-
lylborated products 3aa-Bdan and 3aa-Bneo were not 
obtained at all (entries 20 and 21).  Additional observa-
tions are noted: no conversion occurred in the absence of 
Cu, ligand, or base.  Other Cu salts and solvents were 
also evaluated, but the combination of Cu(CH3CN)4PF6 
and 1,4-dioxane was optimal.  The Cl leaving group was 
important for the successful three-component-coupling, 
and other common leaving groups such as Br and OAc 
gave only a negligible amount of 3aa.  Different from the 
previous hydroallylation,5b any positive effects of crown 
ethers were not detected (see the Supporting Information 
for more details). 
With optimal conditions in hand, we examined the gener-
ality of the reaction (Scheme 3).  The copper catalysis ac-
commodated primary and secondary alkyl substituents at  

Table 1. Optimization Studies for Copper-Catalyzed 
Regio- and Stereoselective Allylboration of 1a with 
B2pin2 and Allyl Chloride 2aa 

 

entry ligand base 
yield (%)b 

3aa 4a 

1 MeO-dppbz Cs2CO3 40 10 

2 dppbz Cs2CO3 23 7 

3 t-Bu-dppbz Cs2CO3 13 19 

4 DTBM-dppbz Cs2CO3 36 7 

5 MeO-dppe Cs2CO3 34 4 

6 t-Bu-dppe Cs2CO3 94 (84) 3 

7 DTBM-dppe Cs2CO3 80 3 

8 dppe Cs2CO3 30 5 

9 p-CF3-dppe Cs2CO3 22 19 

10 p-t-Bu-dppe Cs2CO3 21 0 

11 F2-dppe Cs2CO3 24 17 

12 CF3-dppe Cs2CO3 9 17 

13 Xyl-dppe Cs2CO3 22 1 

14 TMS-dppe Cs2CO3 39 4 

15 t-Bu-dppe CsOPiv 19 4 

16 t-Bu-dppe K2CO3 31 0 

17 t-Bu-dppe KOPiv 17 4 

18 t-Bu-dppe NaO-t-Bu 6 51 

19 t-Bu-dppe LiO-t-Bu 0 34 

20c t-Bu-dppe Cs2CO3 trace 15 

21d t-Bu-dppe Cs2CO3 0 0 

aConditions: 1a (0.20 mmol), pinB–Bpin (0.60 mmol), 2a 
(0.40 mmol), Cu(CH3CN)4PF6 (0.020 mmol), ligand (0.020 
mmol), base (0.40 mmol), 1,4-dioxane (1.0 mL), rt, 18 h, 
N2.  b Estimated by 1H NMR.  Isolated yields are given in 
parentheses.  c With pinB–Bdan instead of pinB–Bpin.  
The desired product and byproduct were Bdan-derived 
3aa-Bdan and 4a-Bdan, respectively.  d With neoB–Bneo 
instead of pinB–Bpin.  The desired product and byproduct 
were Bneo-derived 3aa-Bneo and 4a-Bneo, respectively. 

 

a) hydrofunctionalizations (previous work)

b) borylative difunctionalization (this work)
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Scheme 3. Cu-Catalyzed Regio- and Diastereoselective Allylboration of 1-Trifluoromethylalkenes 1 with pinB–
Bpin and Allylic Chlorides 2a 

  
a Reaction Conditions: Cu(CH3CN)4PF6 (0.020 mmol), ligand (0.020 mmol), 1 (0.20 mmol), pinB–Bpin (0.60 mmol), 2 
(0.40 mmol), Cs2CO3 (0.40 mmol), 1,4-dioxane (1.0 mL), rt, 18–48 h.  Isolated yields are shown.  The ligand employed is 
shown in square bracket.  b On a 1.0 mmol scale.  c 1H NMR yields. 
the b-position of 1-trifluoromethylalkene (3aa–3ca). The 
reaction conditions were compatible with several func-
tional groups, including the alkyl chloride (3da), benzyl 
ether (3ea), silyl ether (3fa), pivalate ester (3ga), and ni-
trile (3ha).  The amine-based functions such asBoc-pro-
tected amine (3ia) and phthalimide (3ja) were also toler-
ated.  Notably, aryl-conjugated 1-trifluoromethylalkenes 
also underwent the regioselective allylboration (3ka–oa): 
the boryl group and allyl group selectively introduced at 
the b- and a-position, respectively, to the CF3 probably 
because the regioselectivity in the insertion step of 1-tri-
fluoromethylalkene into the Cu–Bpin bond is predomi-
nantly controlled by strong electron-withdrawing nature of 
the CF3 group over the aryl-vinyl conjugation.10  Further-
more, the Me3Si-substituted substrate was converted to 
the desired 3pa with the gem-borylsilyl carbon center.  
Regardless of steric and electronic nature of the substitu-
ent, both regioselectivity and diastereoselectivity were 
uniformly high.  The regioselectivity and relative stereo-
chemistry were confirmed by the X-ray analysis of 3ma 
(CCDC 2192893), and those of other compounds were 
assigned by analogy.  As a general trend, in cases of aryl-

conjugated substrates DTBM-dppe showed better perfor-
mance than t-Bu-dppe.  The scope and limitation of allylic 
chlorides 2 were also investigated.  Other prenyl-type 
electrophiles 2b and 2c could be employed with mainte-
nance of the starting (E)-geometry (3ab and 3ac).  The 
methally chloride (2d) also participated in the reaction 
(3ad).  In the case of crotyl chloride (2e; E/Z = 5/1), a 1:2.4 
mixture of 3ae and 3ae’ was observed.  On the other hand, 
the regioisomeric 2e’ also afforded a mixture of 3ae and 
3ae’ but with the opposite selectivity (3ae:3ae’ = 1.7:1).  
These phenomena suggest that the electrophilic allylation 
step involves both the SN2’-type addition-elimination-type 
mechanism and the formation of p-allyl- (or p-en-s-yl) 
copper species and that the major pathway is dependent 
on the substitution pattern of allylic electrophile.  We 
tested additional functionalized allylic chlorides, but low to 
moderate reaction efficiency was observed (see the Sup-
porting Information for more details). 
The resulting Bpin moiety in the allylborated product 3aa 
could be readily transformed with high stereochemical fi-
delity (Scheme 4).  The oxidation and amination were pos-
sible with aq. H2O2 and NH2-DABCO,11 respectively, and 
the corresponding CF3-containing alcohol 5 and amine 6 
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were obtained in good yields without any erosion of the 
diastereomeric ratio.  One-carbon homologation was also 
feasible (7).12  Moreover, the stereospecific oxidative 
cross-couplings13 with the vinyl Grignard reagent and 2-
furyllithium proceeded smoothly to form the correspond-
ing C–C coupled products 8 and 9 in 65 and 81% yields, 
respectively. 
Scheme 4. Stereospecific Transformations of Bpin 
Moiety in 3aaa 

 
a See the Supporting Information for more detailed condi-
tions.  
Finally, to investigate the origin of higher catalytic perfor-
mance of the t-Bu-dppe ligand than that of the parent 
dppe, several experiments were implemented.  One pos-
sibility is the attractive London dispersion between the t-
Bu substituents and 1-trifluoromethylalkene to accelerate 
the insertion step.14  However, in our preliminary compu-
tational studies based on DFT calculations, the activation 
barrier was small enough to promote the insertion 
smoothly for both t-Bu-dppe- and parent dppe-ligated Cu-
Bpin species (see the Supporting Information for details).  
Thus, the London dispersion cannot be a pivotal factor for 
the observed higher activity of t-Bu-dppe.  Another possi-
bility is the smooth generation of a catalytically competent 
monomeric Cu-Bpin species, which is generally unfa-
vored with (bis)phosphine ligands and in equilibrium with 
the corresponding dimer and/or its higher aggregate.15  
Actually, in the stoichiometric reaction of 
Cu(CH3CN)4PF6/t-Bu-dppe, pinB–Bpin, Cs2CO3, and 1a, 
the conversion of 1a started just upon mixing and com-
pleted within 35 min (Figure 1).  In contrast, a ca. 1 h in-
duction period was observed with the dppe ligand, and full 
conversion was achieved after 2.5 h.  These distinct reac-
tion profiles support the rapid generation of monomeric t-
Bu-dppe-ligated Cu-Bpin, which is promoted by the bulky 
t-Bu groups at the remote meta-position of ligand to in-
crease the overall reaction efficiency.  However, we can-
not completely exclude the possibility that the t-Bu sub-
stituent accelerates the allylation step with the allylic chlo-
ride electrophile (Scheme S3a). 
In conclusion, we have developed a copper-catalyzed re-
gio- and diastereoselective allylboration of 1-trifluoro-
methylalkenes with pinB–Bpin and allylic chlorides.  The 
judicious choice of Cs-based base and ancillary bisphos-
phine ligands with the remote steric bulkiness enables 
suppression of the otherwise competitive defluorination 

process and high reaction efficiency.  The boryl group in 
the obtained product is readily transformed to versatile 
functional groups with high stereochemical fidelity.  Thus, 
the present Cu catalysis can provide stereoselective ac-
cess to CF3-containg molecules of potent interest in phar-
maceutical chemistry.  More detailed mechanistic studies 
and development of asymmetric catalysis are currently 
underway in our laboratory. 

 
Figure 1. Reaction progresses of stoichiometric reactions 
of Cu/ligand, 1a, and pinB–Bpin. 
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