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ABSTRACT: A Cu-catalyzed regio- and enantioselective hydroallylation of 1-trifluoromethylalkenes with hydrosilanes 
and allylic chlorides has been developed.  An in situ generated CuH species undergoes the hydrocupration regio- and 
enantioselectively to form a chiral a-CF3 alkylcopper intermediate, which then leads to the optically active hydroallylated 
product.  The key to success is the use of not only an appropriate chiral bisphosphine ligand but also 18-crown-6 to 
suppress the otherwise predominant b-F elimination from the a-CF3 alkylcopper intermediate.  The asymmetric Cu ca-
talysis successfully constructs the nonbenzylic and nonallylic CF3-substituted Csp3 chiral center, which is difficult to op-
erate by other means.

Due to their unique nature that increases the lipophilic-
ity, metabolic stability, and bioavailability, fluorinated 
molecules have received significant attention in the de-
sign of pharmaceutical agents and agrochemicals.1  In 
particular, the trifluoromethyl (CF3) group widely occurrs 
in biologically active compounds.2  Accordingly, synthetic 
chemists have developed numerous strategies for the 
preparation of CF3-containing organic molecules.3  How-
ever, in comparison to Ar-CF3 and alkenyl-CF3, the syn-
thesis of Csp3–CF3 molecules, in particular, their enanti-
oenriched forms, still remains underdeveloped.  While 
several chiral a-CF3 alcohols4/amines5 and related a-CF3 
carbonyls6 are relatively easily prepared by the stereose-
lective trifluoromethylation of carbonyls/imines or reduc-
tion and addition reactions of trifluoromethylated carbon-
yl/imines, the construction of the point chirality at a posi-
tion a to CF3 without any proximal heteroatoms is a for-
midable challenge.  Limited successful examples include 
the Ni-catalyzed enantioconvergent cross-coupling reac-
tion of racemic CF3-substituted secondary alkyl halides 
with organometallic reagents (Scheme 1a),7 the Pd-
catalyzed enantioselective three-component coupling 
reaction of gem-difluoroalkenes, aryl halides, and AgF 
(Scheme 1b),8 and the Pd-catalyzed asymmetric allylic 
substitution of allylic fluorides with trifluoromethylsilanes 
(Scheme 1c).9  Herein, we report a totally different ap-
proach to optically active Csp3–CF3 molecules using 1-
trifluoromethylalkene as the starting platform: a Cu-
catalyzed regio- and enantioselective hydroallylation of 
1-trifluoromethylalkenes with hydrosilanes and allylic 
chlorides is described (Scheme 1d).  The asymmetric Cu 
catalysis can construct the nonbenzylic and nonallylic 
CF3-substituted chiral center, which is difficult to operate 

by other means.  Although there are some examples of 
copper hydride catalyzed regio- and enantioselective 
hydroallylation of vinylarenes and vinylboronates, which 
were originally developed by Buchwald (Scheme 2a),10 
Yun (Scheme 2b),11 and Hoveyda (Scheme 2c),12 the 
application of 1-trifluoromethylalkenes remains elusive.  
Related stereoselective hydrogenation13 and Michael 
addition14 have been reported, but the applicable sub-
strates were restricted to highly electron deficient CF3-
substituted acrylic acids and nitroalkenes.  Additionally, 
the critical effect of the crown ether is found to suppress 
the competitive b-F elimination from an a-CF3 organo-
copper intermediate. 

Scheme 1. Catalytic Asymmetric Construction of 
CF3-Substituted Stereocenters without Any Proximal 
Heteroatoms 



 

 
Scheme 2. Reported Examples of Copper Hydride 
Catalyzed Regio- and Enantioselective Hydroallyla-
tion of Alkenes 

 
 

Our blueprint for the asymmetric synthesis of Csp3–CF3 
molecules by an enantioselective Cu-catalyzed hydroal-
lylation is shown in Scheme 3, the scenario of which is 
based on the recent progress of CuH-catalyzed15 stere-
oselective hydrofunctionalization of alkenes developed 
by our group,16 Yun,11,17 Buchwald,10,18 and others.19  
The in situ formed ligand-coordinated copper complex 
LnCu-X (A) undergoes a salt metathesis with the ace-
tate-type external base MOCOR” to form the copper ace-
tate species LnCu-OCOR” (B).  Subsequent s-bond me-
tathesis with the hydrosilane generates the active copper 
hydride C.  With guidance by the strong electron-
withdrawing nature of the CF3 group, the double-bond 
moiety of 1-trifluoromethylalkene 1 inserts the Cu–H 
bond regioselectively to furnish the a-CF3 alkylcopper 
intermediate D.  The desired hydroallylated product 3 
and starting copper salt A then follow from electrophilic 
trapping with the allylic electrophile 2 to complete the 
catalytic cycle.  If the enantioselectivity and the regiose-
lectivity are successfully controlled in the insertion step 
by a judicious choice of the ancillary chiral ligand (C to 
D), the optically active a-CF3 alkylcopper is formed, en 

route to the enantioenriched product via a stereospecific 
allylation.  However, there are several issues to over-
come in the aforementioned reaction design.  First, the 
copper hydride C should react with the 1-
trifluoromethylalkene 1 in preference to the alkene moie-
ty of allyl electrophile 2 to avoid the formation of the re-
duced byproduct 5.  Moreover, suitable conditions in-
cluding the ligand and external base should be identified 
to suppress the formation of gem-difluoroalkene 4 
through the conceivably competitive b-F elimination from 
the a-CF3 alkylcopper D, which is frequently observed in 
the metal-catalyzed reactions of 1-trifluoromethylalkenes 
with some nucleophiles.20,21 

Scheme 3. Working Hypothesis and Conceivable 
Side Reactions in Copper-Catalyzed Regio- and En-
antioselective Hydroallylation of 1-
Trifluoromethylalkene 1 with Hydrosilane and Allylic 
Electrophile 2 

 
Our optimization studies commenced with the trifluoro-
methylalkene 1a and allylic chloride 2a for the develop-
ment of nonenantioselective hydroallylation conditions.  
In an early experiment, on the basis of our previous 
work,16c treatment of 1a with 2a (2.0 equiv) and 
polymethylhydrosiloxane (PMHS; 3.0 equiv) in the pres-
ence of the Cu(OAc)2 catalyst, the 
bis(diphenylphosphino)benzene (dppbz) ligand, and the 
cesium pivalate base in 1,4-dioxane at room temperature 
afforded the desired hydroallylated product 3a regiose-
lectively in 34% yield.  However, as mentioned in 
Scheme 3, the gem-difluoroalkene 4a was also observed 
in 30% yield (Table 1, entry 1).  Inspired by the prelimi-
nary result and the previously observed positive effect of 
substituents at the remote position in the bisphosphine 
ligands to suppress the b-F elimination,16c we then tested 
several modified dppbz-type ligands.  Although the elec-
tron-withdrawing substituents completely shut down the 
conversion of 1a (entry 2), the introduction of electron-
donating groups at the remote meta and/or para posi-
tions generally increased the hydroallylation selectivity 
over the hydrodefluorination except for the tBu-dppbz 
ligand (entries 3–7).  In particular, the MeO-dppbz ligand 
furnished the desired 3a in 80% yield without any detec-
tion of 4a (entry 6).  On the other hand, the o-methyl-
substituted o-Me-dppbz resulted in no reaction because 
of steric factors (entry 8).  The judicious choice of exter-

a) Ni-catalyzed enantioconvergent cross-coupling

b) Pd-catalyzed enantioselective three-component coupling

c) Pd-catalyzed asymmetric allylic substitution

d) Cu-catalyzed regio- and enantioselective hydroallylation (this work)
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nal base was critical: the related CsOAc also promoted 
the reaction (entry 9), but the sluggish conversion was 
observed with the less basic KOAc and NaOAc (entry 
10).  Moreover, the more basic LiOtBu and NaOtBu, 
which are frequently employed in related Cu-catalyzed 
hydrofunctionalizations of alkenes,15-19 mainly formed the 
gem-difluoroalkene 4a (entries 11 and 12).  This is prob-
ably because of the higher affinity of Li and Na cations to 
the fluorine atom22 to accelerate the b-F elimination.21b  
Finally, an increase in the amount of PMHS to 4.0 equiv 
further improved the yield of 3a to 94% (90% isolated 
yield; entry 13).  As shown in entries 4 and 5, TMS-
dppbz and tBu-dppbz also gave a high conversion of 1a 
but with a low product selectivity.  To increase the selec-
tivity for 3a, we added 18-crown-6 because it can ac-
commodate the Cs cation to suppress the undesired 
interaction between the Lewis acidic Cs cation and the 
Lewis basic fluorine atom in the a-CF3 alkylcopper in-
termediate D for the b-F elimination (Figure 1)23  Gratify-
ingly, the chemoselectivity was dramatically changed, 
and the desired 3a was obtained in 85% and 99% yields 
(entries 14 and 15, respectively).  However, the positive 
effect was somewhat unique, and 18-crown-6 was detri-
mental to the optimal Cu(OAc)2/MeO-dppbz-catalyzed 
conditions (entry 16).  Additional observations in the op-
timization studies are to be noted.  Other common 
monodentate and bidentate phosphine ligands showed 
much poorer performance; some other ethereal solvents 
and hydrosilanes also promoted the reaction, but the 
combination of 1,4-dioxane and PMHS proved to be best 
from the viewpoint of cost and performance.  The chlo-
ride leaving group was the key to success, and the cor-
responding allylic bromide, acetate, carbonate, and 
phosphate did not form the hydroallylated product at all; 
the allylic bromide was too reactive and was rapidly con-
sumed by a direct reduction with the copper hydride (re-
action of C with 2 to 5 in Scheme 3), whereas other al-
lylic alcohol derivatives only gave the gem-difluoroalkene 
4 probably because of less reactivity with the a-CF3 al-
kylcopper intermediate (reaction of D with 2 to give 3 in 
Scheme 3).  Thus, the reactivity balance of the allylic 
electrophile is also of great importance (see the Support-
ing Information for more detailed optimization studies 
and control experiments with only two reaction compo-
nents). 

Table 1. Optimization Studies for Copper-Catalyzed 
Regioselective Hydroallylation of 1-
Trifluoromethylalkene 1a with PMHS and Allyl Chlo-
ride 2aa 

 

entry ligand additives 
yield (%)b 

3a 4a 

1 dppbz CsOPiv 34 30 

2 
CF3-dppbz, p-
CF3-dppbz, or 
F3-dppbz 

CsOPiv 0 0 

3 DTBM-dppbz CsOPiv 76 13 

4 TMS-dppbz CsOPiv 58 30 

5 tBu-dppbz CsOPiv 0 78 

6 MeO-dppbz CsOPiv 80 0 

7 p-tBu-dppbz CsOPiv 43 24 

8 o-Me-dppbz CsOPiv 0 0 

9 MeO-dppbz CsOAc 67 0 

10 MeO-dppbz KOAc or NaOAc ~10 trace 

11 MeO-dppbz LiOtBu 4 34 

12 MeO-dppbz NaOtBu 20 44 

13c MeO-dppbz CsOPiv 94 (90) 0 

14 TMS-dppbz CsOPiv, 18-crown-6 85 9 

15 tBu-dppbz CsOPiv, 18-crown-6 99 (93) 0 

16c MeO-dppbz CsOPiv, 18-crown-6 51 11 

aConditions unless specific otherwise: 1a (0.25 mmol), 
PMHS (0.75 mmol based on Si–H), 2a (0.50 mmol), 
Cu(OAc)2 (0.025 mmol), ligand (0.025 mmol), additives 
(0.50 mmol), 1,4-dioxane (1.5 mL), rt, 6 h, N2.  [b] Esti-
mated by 1H NMR.  Isolated yields are given in paren-
theses.  [c] With 1.0 mmol of PMHS based on Si–H. 

 

 
Figure 1. Possible mechanism of the undesired b-F 
elimination promoted by Cs cation and role of 18-crown-
6. 

We then examined the substrate scope of the Cu-
catalyzed hydroallylation (Scheme 4).  The crown-ether-
free, MeO-dppbz-promoted conditions (conditions A) 
were generally successfully applied, but in some specific 
cases the crown-ether-assisted, TMS-dppbz- and tBu-
dppbz-ligated Cu catalysis (conditions B and C, respec-
tively) showed better performance.  In addition to the 
model substrate (1a), the primary and secondary alkyl-
substituted 1-trifluoromethylalknenes were successfully 
coupled with 2a to form the corresponding hydroallylated 
products 3b, c in 74% and 54% yields, respectively.  The 
reaction conditions were also compatible with several 
common functional groups, including the alkyl chloride, 
benzyl ether, silyl ether, ester, nitrile, phthalimide, and 
Boc-protected amine (3d–j).  The ester-conjugated sub-
strate 1k also participated in the reaction to give 3k as 
the major regioisomer.  In the cases of styrenyl-type 
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substances 1l–p, mixtures of regioisomers were general-
ly formed, probably due to the aryl-vinyl conjugation24 
being competitive with the electron-withdrawing nature of 
the CF3 group in the insertion step (C to D in Scheme 3), 
but the desired products could be isolated in synthetical-
ly useful yields by chromatographic purification (3l–p).  
As a general trend, the introduction of electron-donating 
groups increased the regioselectivity.25  It is noteworthy 
that the trisubstituted alkene 1q was selectively convert-
ed to 3q with high regio- and diastereoselectivity.26  The 
reaction could also be performed on a 1.0 mmol scale 
without any erosion of yield and selectivity (3a), thus 
indicating the good reproducibility. 

The scope of allylic chlorides 2 was also broad: the me-
thyl-, phenethyl-, and cyclohexyl-substituted 2b–d un-
derwent the reaction smoothly to furnish 3r–t in 73–81% 
yields.  The copper-catalyzed conditions tolerated the 
isolated terminal alkene and allylsilane functions (3u, v), 
which can be useful synthetic handles for further ma-
nipulations.  Notably, the reaction with 2g selectively 
occurred at the allyl position to afford 3w with the vinyl 
chloride left intact.  Additionally, the parent allyl chloride 
(2h) and aryl-substituted allyl chloride 2i were accom-
modated under the standard conditions to deliver the 
corresponding 3x–z, and 3A in good yields. 

 
Scheme 4. Products of Cu-Catalyzed Regioselective Hydroallylation of 1-Trifluoromethylalkenes 1 with PMHS 
and Allylic Chlorides 2a 

 aConditions A: 1 (0.25 mmol), PMHS (1.0 mmol of PMHS based on Si–H), 2 (0.50 mmol), CsOPiv (0.50 mmol), 
Cu(OAc)2 (0.025 mmol), MeO-dppbz (0.025 mmol), 1,4-dioxane (1.5 mL), rt, 6 h. Conditions B: 1 (0.25 mmol), PMHS 
(0.75 mmol of PMHS based on Si–H), 2 (0.50 mmol), CsOPiv (0.50 mmol), 18-crown-6 (0.50 mmol), Cu(OAc)2 (0.025 
mmol), TMS-dppbz (0.025 mmol), 1,4-dioxane (1.5 mL), rt, 6 h; Conditions C. 1 (0.25 mmol), PMHS (0.75 mmol of 
PMHS based on Si–H), 2 (0.50 mmol), CsOPiv (0.50 mmol), 18-crown-6 (0.50 mmol), Cu(OAc)2 (0.025 mmol), tBu-
dppbz (0.025 mmol), 1,4-dioxane (1.5 mL), rt, 6 h.  Isolated yields of pure regioisomers are shown.  The conditions em-
ployed (A, B, or C) are given in parentheses.  The dr was determined by 1H NMR in the crude product.  bOn a 1.0 mmol 
scale.  cWith (EtO)3SiH (0.75 mmol) instead of PMHS. 
 
We next moved our attention to the development of 
asymmetric catalysis.  Unfortunately, the simple re-
placement of the MeO-dppbz ligand with chiral bisphos-
phine ligands was detrimental as far as we tested.  For 
example, the reaction of 1a with PMHS and 2a in the 

presence of the Cu(OAc)2/(R)-DTBM-SEGPHOS catalyst 
and CsOPiv base dominantly produced the gem-
difluoroalkene 4a in 76% yield.  The targeted 3a was 
formed only in 2% yield (Scheme 5a; see the Supporting 
Information for more details).  However, similar to the 
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cases of TMS- and tBu-dppbz ligands (entries 14 and 15 
in Table 1), the addition of 18-crown-6 dramatically im-
proved the chemoselectivity to form 3a in 82% yield.  
Additional fine tunings proved THF to be a somewhat 
better solvent, and the enantioenriched hydroallylated 
product was finally obtained in 88% yield with 99:1 enan-
tiomeric ratio (er).  Under the optimal 18-crown-6-
assisted enantioselective conditions, various combina-
tions of 1-trifluoromethylalkenes 1 and allylic chlorides 2 
were successfully employed (Scheme 5b).  A benzyl 
ether (3e), Boc-protected amine (3j, 3B), isolated termi-
nal alkene (3u), ester (3z), and nitrile (3A) were equally 
tolerated to give the corresponding hydroallylated prod-
ucts with 97:3 to 99:1 er. 

As same under the nonenantioselective conditions in 
Scheme 4, the aryl-conjugated system 1p afforded a 
mixture of regioisomers 3p and 3p’, but the desired iso-
mer was successfully isolated with high enantiopurity 
(3p; 99:1 er).  Particularly notable is the successful con-
trol of both diastereoselectivity and enantioselectivity in 
the production of 3q.  The enantioselective reaction 
could also be conducted on a 1.0 mmol scale without 
any drop in the yield and enantioselectivity (3a).  Fur-
thermore, an asymmetric catalysis with Ph2SiD2 suc-
cessfully synthesized the deuterium-labeled chiral CF3-
substituted molecule 3a-d1 (Scheme 6), which has appli-
cations in biological labeling studies and drug discov-
ery.27  Additionally, the result can also support the 
mechanistic hypothesis in Scheme 3, in which the cop-
per hydride species A is formed from the hydrosilane 
and the hydride is finally transferred to the product 3 via 
the alkyl copper intermediate D. 
Scheme 5. Copper-Catalyzed Regio- and Enantiose-
lective Hydroallylation of 1-Trifluoromethylalkenes 1a 

 
aOptimal conditions: 1 (0.25 mmol), 2 (0.50 mmol), 
PMHS (0.75 mmol based on Si–H), 18-crown-6 (0.63 
mmol), Cu(OAc)2 (0.025 mmol), (R)-DTBM-SEGPHOS 
(0.025 mmol), CsOPiv (0.50 mmol), THF (1.5 mL), rt, 12 
h, N2.  Isolated yields of pure regioisomers are shown.  
The enantiomeric ratio (er) was determined by HPLC 
analysis on a chiral stationary phase. 

Scheme 6. Synthesis of Deuterium-Labeled Chiral 
3a-d1

 

 

 
The allylic function in the optically active 3a, r could be 
readily derivatized (Scheme 7).  A regioselective hy-
droboration with 9-BBN was followed by an oxidation 
with aqueous H2O2 to form the chiral alcohol 6 in 90% 
yield.  A Suzuki-Miyaura coupling of the same alkyl-
borane intermediate was also possible, delivering 7 in 
59% overall yield.  Additionally, the chiral alkane 8 and 
epoxide 9 were obtained in high yields by the standard 
hydrogenation and epoxidation reactions, respectively.  
All transformations proceeded without any erosion of 
enantiomeric excess. 
Scheme 7. Derivatizations of 3a, ra 
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aSee the Supporting Information for detailed conditions. 

To get some insight into the allylation process (D and 
2 to A and 3 in Scheme 3), the regioisomeric allyl chlo-
rides 3-chlorobut-1-ene (2j) and 1-chlorobut-2-ene (2j’) 
were tested under the nonenantioselective conditions 
using MeO-dppbz (Scheme 8a).  The branched 2j react-
ed with 1a to deliver a mixture of linear 3C and branched 
3C’ in favor of linear 3C.  On the other hand, the linear 2j’ 
also formed a regioisomeric mixture, but the 3C/3C’ ratio 
was reversed; the branched 3C’ was mainly observed.  
The replacement of MeO-dppbz with TMS-dppbz and 
tBu-dppbz, in conjunction with 18-crown-6, also resulted 
in similar trends (see the Supporting Information for de-
tails).  These phenomena suggest that the SN2’-type 
addition-elimination-type mechanism28 is mainly operat-
ing, while the formation of p-allyl- or p-en-s-yl copper 
species29 is competitively involved, particularly in a case 
of sterically congested allylic chloride such as 2j’ 
(Scheme 8b).  The different E:Z ratios of the starting 2j’ 
(E:Z = 5:1) and the linear product 3C (E:Z > 20:1) can 
also support involvement of the p-allyl- or p-en-s-yl cop-
per intermediate and its rapid E:Z (syn/anti) isomeriza-
tion.  Actually, the more hindered prenyl chloride (2k) 
and cinnamyl chloride (2l) gave the corresponding liner 
hydroallylated products (3D, E, respectively) exclusively 
(Scheme 8c), probably via the formation of p-allyl- or p-
en-s-yl copper then reductive elimination at the more 
sterically accessible position.30  Attempts to control the 
regioselectivity in the allylation step are still ongoing. 

Finally, we examined the effects of KOPiv and 
KOPiv/18-crown-6 on the initial reaction rate of hydro-
defluorination of 1a with (MeO)2MeSiH to 4a under stoi-
chiometric conditions using 1.0 equiv of Cu(OAc)2 and 
TMS-dppbz (Figure 2).31  In comparison to the parent 
conditions without any additives, the addition of KOPiv 
increased the initial rate by 1.57 times, thus indicating 
the alkali cation accelerated b-F elimination from the a-
CF3 alkylcopper (Figure 1, top).  On the other hand, 
when the combination of KOPiv and 18-crown-6 was 
used, relatively moderate acceleration (1.22 times) was 
observed.  The result is consistent with our assumption 
that 18-crown-6 disrupts the interaction of the alkali cati-
on and fluorine atom to decrease the rate of the b-F 
elimination (Figure 1, bottom). 

 
Scheme 8. Reactions with 1- or 3-Substituted Allyl 
Chlorides 2 

 
 

 

 
Figure 2. Effects of additives on the initial reaction rate 
in the hydrodefluorination of 1a with (MeO)2MeSiH. 

 
In conclusion, we have developed a CuH-catalyzed 

regio- and enantioselective hydroallylation of 1-
trifluoromethylalkenes.  The key to success is the com-
bined use of 18-crown-ether and CsOPiv base to sup-
press the otherwise predominant b-F elimination from an 
a-CF3 organocopper intermediate.  The asymmetric Cu 
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以上の結果から、TMS-dppbzを用いた場合の KOPiv 1.0 eq. (赤)、KOPiv 1.0 eq. + 18-crown-6 1.0 eq. (青)、
塩基なし (灰) の初期速度を比較しました (Sheet8)。一応わずかながら速度差が見られ、期待通りの順番
になりました。5分ぐらいまでで見ているので 2点しか打てず粗いですが、現状これが限界かなと思いま
す。 

 

ジフルオロアルケン生成の初期速度に微妙な差が見られましたが、塩基を用いる条件とクラウンエーテ
ルを用いる条件では途中で反応が止まっており、単純に比較していいものなのか分かりません。 
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catalysis successfully controls the point chirality at the 
position a to CF3 even in the absence of any proximal 
directing heteroatoms.  The present strategy can provide 
a new repertoire of CF3-containing chiral molecules, 
which have high potential in medicinal and pharmaceuti-
cal chemistry.  Elucidation of the detailed mechanism 
and further development of related enantioselective hy-
drofunctionalization reactions are currently underway in 
our laboratory. 
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