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ABSTRACT: A mild base-catalyzed strategy for the isomerization of allylic

Metal-Free Stereospecific Isomerization

alcohols and allylic ethers has been developed. Experimental and computa-

tional investigations indicate that transition metal catalysts are not required
when basic additives are present. As in the case of using transition metals “WH
under basic conditions, the isomerization catalyzed solely by base also follows
a stereospecific pathway. The reaction is initiated by a rate-limiting depro-
tonation. Formation of an intimate ion pair between an allylic anion and the
conjugate acid of the base results in efficient transfer of chirality. Through this
mechanism, stereochemical information contained in the allylic alcohols is
transferred to the ketone products. The stereospecific isomerization is also
applicable for the first time to allylic ethers, yielding synthetically valuable

enantioenriched (up to 97% ee) enol ethers.

R2 OH

: - Catalytic :
= - Mild conditions
: - Broad scope :

..................

1. INTRODUCTION
Allylic alcohols are readily accessible building blocks, and they

are versatile synthons of carbonyl compounds via isomerization
reactions. In the vast majority of instances, these are mediated
by transition metal complexes."” Basic additives, in catalytic or
stoichiometric amounts, are also needed in numerous transition
metal-mediated isomerizations. The base is postulated to depro-
tonate the substrate alcohol, which can subsequently coordinate
to the metal center forming transition metal alkoxides, key
intermediates in the proposed catalytic cycles.”>™" With
chiral metal catalysts, the synthesis of chiral ketones’® and
aldehydeSZE_i with stereogenic centers at Cf has been accom-
plished. An important related approach was reported recently
by Cahard, Renaud, and co-workers,* who isomerized chiral
y-trifluoromethylated allylic alcohols stereospecifically using a non-
chiral Ru complex together with Cs,CO;. Transition-metal-free
base-mediated protocols are much less common in the literature.’
These are highly dependent on the substrate structure (e.g,
R' =R’ = Ar) and require stoichiometric amounts or excess of the
base. Transition-metal-free chiral versions have not been reported.

We have previously reported the synthesis of a-halocarbonyls
from allylic alcohols catalyzed by Ir complexes.'“® As an ongoing
part of our investigations, we have now attempted to apply this
methodology to electron-poor allylic alcohols, in particular
y-trifluoromethylated substrates. We have observed that these
substrates isomerize efficiently under basic conditions, even
at mild temperature, in the absence of the metal catalysts. Fur-
thermore, the base-catalyzed isomerization achieves the same
high levels of stereospecificity with chiral allylic alcohols as
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those reported for the metal/base system.* Herein, we report
the first base-catalyzed stereospecific isomerization of allylic alco-
hols and also of allylic ethers (Scheme 1). The isomerizations

Scheme 1. Stereospecific Base-Catalyzed Isomerization of

Allylic Alcohols and Ethers
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are mediated by a catalytic amount of the base 1,5,7-triazabicyclo-
[4.4.0]dec-5-ene (TBD). Mechanistic experimental and theoretical
investigations have been carried out allowing us to propose a
mechanistic isomerization pathway accounting for the efficient
transfer of chirality.

2. RESULTS AND DISCUSSION

We started by investigating how the base affected the outcome
of the isomerization of y-trifluoromethylated allylic alcohol 1a
(Table 1). Cs,CO3, which was also used in the isomerization of
la in combination with [RuCl,(PPh;);],* can itself promote
the isomerization at 60 °C (Table 1, entry 1). Ketone 2a was
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Table 1. Base-Mediated Isomerization of la

I OH Base ‘ o)
X
F3C Toluene, F,;C
60°C,18 h

rac-1a rac-2a
N 7
N N N/j (\N/j
X
@ [ND SN HJ\\N
7
N
DMAP DABCO DBU TBD
entry base (equiv) conv (%)“ yield (%)
1 Cs,CO; (12) 65 45
2 NaH (1.2) 25 20
3¢ £BuOK (1.2) >99 33
4 DMAP (1.2) <1 <1
S DABCO (1.2) <1 <1
6 DBU (12) 80 80
79 TBD (1.2) >99 >99
8¢ TBD (0.1) >99 >99

“By F NMR spectroscopy. “With an internal standard (IS).
“Decomposition products were formed. “Under an atmosphere of air.

also obtained when NaH and #BuOK were used, albeit in
low yield (entries 2 and 3). The use of organic bases such as
4-(dimethylamino)pyridine (DMAP) and 1,4-diazabicyclo[2.2.2]-
octane (DABCO)>* did not promote the isomerization
(entries 4 and 5). On the other hand, with the stronger7
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) or with guanidine
base TBD high conversions were achieved (entries 6 and 7),
especially with TBD. Importantly, TBD was the only base that
could be used in a catalytic amount to give a quantitative yield
of 2a (entry 8 and Table S1). The isomerization works under
an atmosphere of air, and after full conversion is achieved,
a simple aqueous workup to remove the basic catalyst gives the
final products in excellent yields.

The scope of the reaction (Scheme 2) under the optimized
conditions (Table 1, entry 8) was then investigated. Variation
of the electronic properties of the aryl group at R' by intro-
ducing either electron-withdrawing or electron-donating groups
gave quantitative yields (84—95% isolated) for all substrates.
Notably, the reactions were much faster with electron-poor
substituents (Scheme 2, 2b,c). The bulkier naphthyl group was
also well tolerated, giving 2f in >99% vyield. Excellent yields
were also obtained when the aryl substituent at R was replaced
by the electron-poor CF; group (2g), although slightly harsher
conditions were required. Significantly lower yields were
achieved when R' was replaced by CH; or H (Scheme 2,
2h,i). The effect of varying the olefin substituents was next
studied. Allylic alcohols bearing electron-withdrawing or
electron-donating groups on aryl subtituents at R* gave the
corresponding products in high yields in all cases (Scheme 2,
2j—m). Replacement of the aromatic group at R by H or CH,
was well tolerated, and alcohols 10 and 1n were isomerized in
95—99% yields. Alcohols 1p and 1q, with longer fluorinated
chains at R?, were also isomerized in good isolated yields (62%
and 71%, respectively). The isomerization of (E)-la was com-
pared to that of its stereoisomer (Z)-1a. The latter smoothly
transformed into 2a, but a higher temperature and a longer
reaction time were needed.

Interestingly, the fluorinated motif on the olefin can be
replaced by other nonfluorinated groups; (E)-1r (R* = H,
R® = Ph) isomerized in excellent yield. Even aromatic 1s—u
with terminal double bonds isomerized successfully. Allylic
alcohols (E)- and (Z)-1v, with nonfluorinated substituents on
the double bond, one of them a methyl group, gave lower yields
than those obtained with the related la. In contrast, with
alcohols having two aryl substituents on the double bond
(1w, (E)-1x, (Z)-1x, and (E)-1y), excellent yields were obtained.

It can therefore be concluded that the substitution pattern is
limited at R' to either aryl or electron-poor moieties (such as
the CF, group). On the other hand, the R* and R’ substituents
can be varied to a larger extent; these may be electron-poor
fluorinated groups, but importantly, also aryl groups with varied
electron density, or even just hydrogen. It is important to
highlight that TBD is able to isomerize not only fluorinated
and electron poor alcohols, but also alcohols such as 1s—u, for
which transition metal catalysts under basic conditions have
been used."”

The base-catalyzed isomerization can also be applied to
fluorinated allylic ethers 3a—d (Scheme 2),*’ giving access to
synthetically valuable enol ethers.'” Even nonfluorinated
terminal allylic ethers 3e,f could be isomerized. Enol ethers
4a—d were formed as single (Z)-isomers, and 4e and 4f were
obtained as a 92:8 and 97:3 Z/E mixtures, respectively (see SI).
Unfortunately, other allylic substrates such as allyl silyl ethers
and allylic esters did not isomerized under the conditions
described here (see SI, Scheme S1).

We then investigated whether the reaction is stereospecific
(Table 2 and Table 52).*"" The isomerization of (R)-1a (99% ee)
took place in excellent yield and with an enantiospecificity
(es; % of the product formed by the stereospecific pathway
as opposed to the competing unselective pathway) of 91%
(entry 1). The es could be improved to 95% by decreasing the
base loading to 2.5 mol %, although longer reaction times (18 h
with 5 mol % TBD and 72 h with 2.5 mol % TBD) were needed
(entries 2 and 3). Gratifyingly, at 80 °C, the es was maintained
and the reaction was completed in 18 h with 2.5 mol % TBD
(entry 4). Other solvents were screened to assess the effect on
the es (Table 2, entries 5—8). Interestingly, all solvents tested
gave not only decreased es but also considerably lower yields
(entries 5—8). This effect was more pronounced in solvents
with higher polarity.

The stereospecific isomerization was then tested for a variety
of substrates (Table 3). As expected, the same es (91%) was
obtained in the isomerization of (S)-1a (entry 2). Substrates
(R)-1b and (R)-1c¢ having electron-poor aryl groups at R gave
the products with excellent es (96% and 98%, respectively,
entries 4 and S). For alcohols with electron-rich R}, (R)-1d and
(R)-1e (entries 6 and 7), longer reaction times were needed to
achieve good yields with es of 94% and 89%, respectively.
Naphthyl substituted (R)-1f gave similar results (entry 8).
Lower yields were obtained in the isomerization of allylic
alcohols (R)-1j and (R)-1k, with electron-poor aromatics at R*
(entries 9—10). In addition, whereas a p-Cl substituent did not
significantly affect the es (entry 9), a somewhat less efficient trans-
fer of chirality was achieved when R* = p-CFy;C¢H, (entry 10).
On the other hand, exceptionally high es and good yields were
obtained with alcohols (R)-11 and (R)-1m, with electron-donating
aromatics at R? (entries 11—12). Good transfer of chirality was
also obtained with substrates bearing various fluorinated chains
at R* [(R)-1p and (R)-1q, entries 13—14].
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Scheme 2. Scope
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FoC X
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2f: 18 h, >99 (85)%

Ph  OH
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2i: 18 h, 30%[!

FsC

(E)-10
20: 18 h, >99 (65)%!d!

2s; X =H; 18 h, >99 (90)%!
2t X =Br; 18 h, >99 (74)%0!
2u: X = i-Bu; 18 h, 46 (40)%!

st\/K©

1w, (2)1x, (E)-1x,

(Ey1y

2w: R2=R3=Ph; 18 h, >99 (65)%!°!

2x:. From (2)-1x: R2 = p-BrCgH,4, R3=Ph; 18 h, >99 (73)%!!
2x: From (E)-1x: R2 = Ph, R® = p-BrCgHy; 18 h, >99 (75)%!!

2y: R?2=Ph, R3= CgFs5; 18 h, >99 (68)%I°!

(Z/E)-4e: R3 = Ph (Z/E = 92:8); 18 h,
75 (53)%[0c]

(Z/E)-4f R3=H (ZE=97:3);18 h,
60 (45)%[0°]

80 °C. “TBD (0.2 equiv), reflux. “By NMR spectroscopy with an internal standard. #Volatile. “Conversion. “Yield by '>F NMR spectroscopy

(isolated in parentheses).

Importantly, the ee of the products could be increased up to

99% by simple recrystallization. It must be mentioned that
the isomerizations are also stereospecific when bases such as
Cs,CO;, NaH, t-BuOK, and DBU were used (See SI, Table S1).

13410

The isomerization of chiral allylic ethers (R)-3a—c also pro-
ceeded remarkably well with S mol % TBD at 80 °C (97—99% es,
entries 15—17). To the best of our knowledge, this is the first
stereospecific isomerization of allylic ethers to be reported.

DOI: 10.1021/jacs.6b08350
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Table 2. Base-Catalysed Stereospecific Isomerization of la

Ph  OH TBDcat Ph O
FoC” "ppy c0-80°c Ph
(R)-1a (99% ee) (R)-2a
TBD t (h)/T 2a“ ee es
entry (mol %) solvent (°C) (%) (%) (%)
1 10 toluene 6/60 85 90 91
2 S toluene 18/60 84 93 94
3 2.5 toluene 72/60 84 94 95
4 2.5 toluene 18/80 82 94 95
S 2.5 1,4-dioxane 18/80 71 84 85
6 2.5 THEF 18/80 30 74 75
7 2.5 CH,Cl, 18/80 28 80 81
8 2.5 CH,CN 18/80 27 60 61
“Isolated yields.
Table 3. Stereospecific Isomerizations
R2 OR* TBDeat RZ2 O R2 OR*
R3 X R! Toluene > Rs"\/U\R1 or Rs/k/km
(R-1 (R*=H)or 80°C (R)-2 (R4=H) (R)-4 (R4 #H)
(R)»-3 (R*#H)
Ph OH R2 OH Ph OH Ph OMe
F3C)\/LR1 Fsc)\)\Ph RX-""ph RYNA"pp
R' = R2= R3= R3 =
(R)-1a CgHs (R)1j p-CICeH4 (R-1p CFs (R)-3a CFs
(R)-1b p-BrCeH, (R-1k p-CF3CeHs  (R)-1q CsF7  (R)-3b C4F;
(R)-1c p-CF3CgH4 (R)-11 p-MeCgHy4
(R-1d pMeCgHs  (R)-1m p-OMeCgHy4
(R)-1e p-OMeCqHy4
(R)-1f 2-Naphthyl Ph OPh
FaC” X" pp
(R)-3¢
TBD t yield® 2/4  ee®2/4  es
entry ee 1/3 (%) (mol %) h (%) (%) (%)
1 (R)-1a (99) 10 85 90 91
2 (S)-1a (99) 10 6 92 90 91
3 (R)-1a (99) 2.5 18 82 94(99) 95
4 (R)-1b (98) 2.5 18 93 94(99) 96
5 (R)-1¢ (97) 2.5 18 76 95(99) 98
6 (R)-1d (98) 2.5 96 75 92(99) 94
7 (R)-1e (98) S 48 89 88(99) 90
8  (R)-1f (98) 2.5 24 60 87 89
9 (R)-1j (97) 2.5 48 58 86 89
10 (R)-1k (97) 5 48 52 59 61
11 (R)-11(97) 2.5 24 81 95 98
12 (R)-1m (98) 5 48 83 98 >99
13 (R)-1p (99) 5 48 58 92 923
14 (R)-1q (99) S 48 42 95 96
15 (R)-3a (98) 5 48 67 97 99
16 (R)-3b (98) 5 72 66 95 97
17 (R)-3c (98) 5 18 73 97 99

“Isolated yields. “In parentheses, ee after recrystallization.

The electronic influence of R' was investigated further. A Ham-
mett plot under noncompetition conditions is shown in Figure 1.
A positive p value of 1.87 was obtained, indicating that a partial
negative charge (67) is formed in the rate-determining tran-
sition state.'” These results, together with a large kinetic isotope
effect (KIE) of >5.0, support a mechanism through a rate-
limiting deprotonation of C,."?

13411

TBD (0.1 equiv.)
_—
Toluene

60 °C FsC
X X
1.2
p=1.87 (£0.22) 1
R2=0,95
xo
.y
E
-
o 04 ’
. -0.4
° p-Me -0.6
p-OMe 0.8
Hammett o values
Figure 1. Hammett plot.

The isomerization of la-d; (96% D) afforded 2a-d with only
68% Dror (20% at C, and 48% C, distributed in a mixture of
2a-d, (32%), 2a-d; (47%), 2a-d, (17.6%), and 2a-d; (3.4%),
Scheme 3a and SI). In an attempt to understand the net low
amount of D at C;, 1a was treated with partially deuterated
TBD (N-d;-TBD, Scheme 3b). Notably, 6% of D was found at
C; in 2a, indicating that the H at C; in Scheme 3a originates to
some extent from the base. Importantly, in the isomerization of
la-d;, the D content at C; (i.e, 96%) remains constant in the
starting alcohol as the reaction proceeds; thus the deprotonation
step is irreversible. The isomerization of ether 3a-d; (96% D,
Scheme 3c) gave 4a-d, with 78% D, which is only slightly lower
than the expected 86% D. This might be due to traces of water in
the reaction medium. From a crossover experiment between 1la-d,
and 1n, with similar reaction rates (Scheme 3d), it can be con-
cluded that the main reaction pathway involves an intramolecular
1,3-H/D shift, since only 4% of D was detected at C; in 2n.

To further test the proposed mechanism via deprotonation
of the C,—H bond, we studied the isomerization with DFT
(B3LYP-D3/aug-cc-pVTZ) (Figure 2). In agreement with the
experimental studies, the deprotonation was found to be the
rds, with an activation free energy of 19.6 kcal/mol (TS)),
relative to the hydrogen bonded prereactive complex. After
this first step, an intimate ion pair' * composed of the allylic
anion and the protonated base is formed. The computational
results suggest that the anion can be protonated either intra-
molecularly (TSy,) by the hydroxyl group or intermolecularly
by the conjugate acid of TBD (TSy,). Both pathways have
similarly low activation energies (~4 kcal/mol). This explains
the low deuterium content at C; in the ketone product obtained
upon isomerizing la-d, (Scheme 3a).

The theoretical studies also shed light onto the enantiospe-
cificity of the reaction. The formation of the intimate ion pair
prevents racemization of the allylic anion, which would result in
inefficient transfer of chirality. Indeed, increasing the polarity of
the solvent resulted in lower es values, due to insufficient ion
pairing (vide supra, Table 2 and Table S2). Furthermore, the
presence of a strong electron-withdrawing group on the phenyl
ring at R? (i, 2k) results in poorer transfer of chirality. This
may be due to formation of a more stable allylic anion in this
instance, which enables rotation with subsequent partial loss of
stereochemical information. A similar mechanistic rationale
has been proposed for a proton migration with chirality transfer
mediated by DBU."

DOI: 10.1021/jacs.6b08350
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Scheme 3. Deuterium Labeling Studies
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Figure 2. Free energy profile: isomerization of 1la by TBD.

The isomerization mechanism proposed here differs from
that proposed for the Ru-catalyzed isomerization of trifluor-
omethylated allylic alcohols in the presence of base.” In the
latter, after a f-hydride elimination step yielding a ruthenium
hydride species and an enone intermediate, it was proposed
that a migratory insertion from a single face accounted for the
efficient chirality transfer. Overall, this resulted in a formal
Ru-catalyzed intramolecular suprafacial hydride shift. We have

demonstrated here that for these particular electron-poor alco-
hols, the stereospecific isomerization can be simply mediated by
a base through a deprotonation/protonation sequence that
occurs at mild reaction conditions. Importantly, the base-medi-
ated reaction can account for the same levels of enantiospe-
cificity. The best results during our investigations were obtained
with TBD, which could be used in loadings as low as 2.5 mol %.
Other bases such as Cs,CO; NaH, or DBU also mediated the

13412 DOI: 10.1021/jacs.6b08350
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stereospecific isomerization of allylic alcohols, although in
stoichiometric amounts. It is important to mention that higher
yields are obtained with the Ru/Cs,CO," system than when
Cs,CO; is used as the sole reagent; thus the Ru catalyst must
play a specific role together with the base in the former case.
Nevertheless, the noninnocent role of basic additives in the
isomerization of electron-poor or aromatic allylic alcohols must
be taken into consideration.

3. CONCLUSION

We have developed the first metal-free base-catalyzed stereo-
specific isomerization of allylic alcohols. The method enables
the transformation of a large variety of aromatic and electron-
deficient allylic alcohols into carbonyl compounds under mild
reaction conditions. We have also presented the first stereo-
specific isomerization of allylic ethers. This base-catalyzed
metal-free method affords chiral enol ethers, which are also very
valuable synthetic intermediates in organic synthesis. Exper-
imental and computational investigations indicate that the
transfer of the chirality only occurs upon formation of an
intimate ion pair after the rate limiting deprotonation step. This
study represents a unique example in which organic ion-pairing
enables transfer of chirality in readily available chiral organic
allylic substrates using a simple nonchiral base.

4. EXPERIMENTAL SECTION

4.1. General Method for the Isomerization of Allylic
Alcohols and Ethers by Base. A pressure tube was charged
with the corresponding allylic substrate (0.18 mmol, 1 equiv),
1,5,7-triazabicyclo[4.4.0]dec-S-ene (0.018 mmol, 2.5 mg, 0.1 equiv),
and 1.8 mL of toluene. The mixture was allowed to react at 60 °C
overnight, and the reaction was quenched with H,0O (5 mL) and
extracted with Et,0 (3 X 5 mL). The solvent was removed under
reduced pressure to yield the product. Further information about
experimental details and characterization of new compounds can be
found in the Supporting Information.
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