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ABSTRACT: A novel procedure for the synthesis of cyclohexanones from alkynol or enyne derivatives through a cationic cycliza-
tion has been developed. Key points to get the six-membered ring derivatives are the use of starting materials containing a terminal
alkyne, the use of tetrafluoroboric acid as promoter of the cationic cyclization and the appropriate election of 1,1,1,3,3,3-
hexafluoropropan-2-ol (HFIP) as solvent. This strategy can be extended to the biomimetic cationic cyclization of several terpene-
derived polyenynes.

Cyclization reactions through cationic intermediates have Scheme 1. Cationic cyclizations. Previous work and our
been widely used over the years as a valuable tool to con- proposal.

struct carbo- and heterocyclic compounds.! A schematic

overall sequence of this type of reactions is shown in a) Cationic cyclizations. Concep‘

Scheme 1a, and they involve starting materials | containing

an initiating (A) and a terminating (B) functional group. U

Primarily, the initiating unit is activated to generate a cation- Activation izati inati

ic intern%ediate I thgt is intramolecularly(ﬁ;j trapped by the of Initiating Group Cyeleaton rermination
terminating group in a cyclization step. The new formed In|t|at|ng Group

cation 111 is somehow stabilized to give the final neutral B Terminating Group

cyclic compound 1V. Much of progress in this area stems b) Our recent work (ref. 3) and proposal

from the development of appropriate initiating functionalities

(A) while terminating groups (B) are frequently limited to Endo

usual heteroatom-centered nucleophiles, alkenes or arenes. OH| \ H | Rt |Cyc/lzat/on R;@ X RK@X
Though, the use of alkynes as the terminating functionality R HZO

has been scarcely studied.? In this context, we have recently

reported the reaction of alkynol derivatives 1 to give interest- X=Fcl, B’ I, orf

ing cyclic alkenyl triflates and halides 4 through a process Our proposal ‘Hzo

that involves the initial formation of cation 2 and subsequent (this work) ¥
endo-cyclization to form cyclic alkenyl cation 3 that it is

finally trapped by the corresponding anion (Scheme 1b).3 RN R AUR - R1
Following with our interest in this field, we thought on the

possibility of extending this method to the synthesis of cyclic ¢) Jin & Yamamoto’s work (ref. 4)

ketones 6 that are valuable synthetic scaffolds (Scheme 1b).

Thus, we proposed that the molecule of water formed in the Rt OH| HOTF (10 mol%) o
initial dehydration reaction could trap the cyclic alkenyl R? R
cation 3 to give the enol 5, which is converted into the cyclic DCE, 50 °C R
ketone 6 through a keto-enol tautomerization. At this point, a (R; H) 8
work reported by T. Jin, Y. Yamamoto and co-workers on Exo

the synthesis of cycloalkyl ketone derivatives 8 through a L R I Cyclization_ R * H,0
triflic acid catalyzed cationic cyclization of alkynols 7 r2]" R2

should be mentioned.* It is important to remark that this
work is limited to alkynol derivatives 7 containing internal
alkynes (R # H). The use of this type of alkynes has a crucial
impact on the cyclization mode (endo or exo).
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Thus, after the initial formation of cation 9, the cyclization
process occurs through a exo-mechanism to give an exocy-
clic alkenyl cation 10 and finally the cycloalkyl ketone de-
rivatives 8. Surprisingly, terminal alkynes were not consid-
ered in this work. In this context, we knew from our own
previous work that, contrary to what occurs with internal
alkynes, the use of terminal alkynes (such as 1) favored the
cyclization through an endo-mechanism and thus, under
appropriate conditions cycloalkanones 6 could be obtained
instead of cycloalkyl ketones 8.3° Herein, we present the
successful development of the proposed cationic cyclization
reaction for the synthesis of cyclohexanone derivatives.

In our initial experiments, alkynol 1a, comprising a terminal
alkyne, was used as a model substrate to explore the viability
of the proposed strategy (Table 1). As a starting point, we
took the experimental conditions reported by Jin, Yamamoto
and co-workers in their synthesis of cycloalkyl ketones 8
from alkynols 7 containing internal alkynes.* Thus, alkynol
la was treated with 10 mol% of triflic acid (TfOH) in 1,2-
dichloroethane (DCE) as solvent at room temperature for 16
hours (Table 1, entry 1). Under these conditions, instead of
the expected ketone 6a we observed the exclusive formation
of the enyne derivative 11a along with a small amount (<
10%) of the cyclic alkenyl chloride 4a. Interestingly, when 1
equivalent of triflic acid was used we could isolate the cyclic
alkenyl chloride 4a in 72 % vyield but formation of the de-
sired ketone 6a was not observed (Table 1, entry 2). These
initial experiments showed a differential reactivity of alkynol
derivatives such as la comprising a terminal alkyne when
compared with alkynols 7 containing internal alkynes. Thus,
it seems that, under similar conditions, the endocyclic
alkenyl cation 3 preferentially reacts with a chloride coming
from the solvent (DCE) while the exocyclic cation 10 tends
to react with the water formed in the initial step of the reac-
tion. Formation of alkenyl chlorides similar to 4a instead of
ketone derivatives could be the reason why terminal alkynes
were not considered in that previous work. Thus, after veri-
fying that the conditions reported by Jin, Yamamoto and co-
workers were not appropriate to get our desired cyclic ketone
6a, we started to check different reaction conditions. At this
point, it seemed clear that the obvious option to avoid the
formation of the undesired alkenyl chloride 4a was the re-
placement of 1,2-dichloroethane (source of the chlorine atom
of 4a) with some other chlorine-free solvent. However, when
the reaction was performed in hexane we observed the exclu-
sive formation of the alkenyl triflate 4b (98%; Table 1, entry
3). This product is formed when the alkenyl cation 3 is
trapped by the counterion (triflate) of the acid promoter
(TfOH).*® Again, it seems that trapping of cation 3 by the
water formed in the first step of the process is not favored
under these conditions. Formation of the undesired alkenyl
triflate 4b was also observed when other typical solvents
were used. Thus, to avoid the formation of triflate 4b we
decided to change the acid promoter from triflic acid to
tetrafluoroboric acid (HBF4-OEt,). First, we tried the reac-
tion with this acid by using 1,2-dichloroethane (DCE) as
solvent (Table 1, entry 4). Unfortunately, the desired ketone
6a was not formed and the only product we could isolate in
high yield (92%) was the chloride 4a. Next, we tried the
reaction with a chlorine-free solvent such as hexane (Table
1, entry 5). Under these conditions, a new product, the
alkenyl fluoride 4c, was formed in high yield (92%). This
compound is formed when the alkenyl cation 3 is trapped by
a fluoride coming from the tetrafluroborate anion. All these

experiments demonstrate that the synthesis of the desired
cyclic ketones 6 was not as easy as initially thought because
trapping of alkenyl cation 3 by different nucleophilic part-
ners present in the reaction media seemed to be favored over
the desired trapping with water. However, after further ex-
perimentation we found that the use of tetrafluoroboric acid
as promoter in  combination  with  1,1,13,3,3-
hexafluoropropan-2-ol (HFIP) as solvent was the key point
to success to achieve the synthesis of ketones 6.6 In fact,
when alkynol la was treated with 1 equivalent of tetra-
fluoroboric acid in HFIP as solvent we were able to isolate
the ketone 6a in 85 % yield (Table 1, entry 6). Interestingly,
the amount of the acid could be reduced to just 0.05 equiva-
lents without erosion in the chemical yield (90%; Table 1,
entry 7). It is important to remark that the cyclization oc-
curred exclusively through a 6-endo mode and formation of
alternative products coming from a 5-exo mode was not
observed.

Table 1. Initial experiments

Ph oH|l|  Acid Ph o Ph_Ph|| Ph X
Ph Solvent Ph | Ph
la 6a 1

25°C, 30 min
la 4a (X=Cl)
4b (X= OT)
4c (X=F)
en- acid (equiv) solvent prod-  vyield (%)
try uct
1 TfOH (0.1) DCE 11a2b 87
2 TfOH (1) DCE 4a° 72
3 TfOH (1) Hexane 4b 98
4 HBF4-OEt2 (1) DCE 4ab 92
5 HBF4-OEt; (1) Hexane 4cd 92
6 HBF4-OEtz (1) HFIP 6a 85
7 HBF4-OEtz (0.05) HFIP 6a 90

2 Formation of 4a (< 10%) was also detected. P Reaction ex-
tended for 16 hours. ¢ Formation of 4b (10%) was also detected.
d Reaction extended for 8 hours.

Encouraged by the initial result above mentioned, we ex-
plored the scope of the reaction. For this purpose, a repre-
sentative set of alkynols 1 were subjected to the optimized
reaction conditions (Scheme 2). To our delight, we observed
that most of the cyclohexanones 6 were isolated in high
yields. As shown, not only tertiary but also secondary ben-
zylic alcohols 1 could be used (see products 6d,f,k,r). In this
context, it should be noted that secondary alcohols were not
considered in the previous work from Tien and Yamamoto
on the synthesis of cycloalkyl ketones with internal alkynes.*
However, in our case the use of this type of alcohols does not
seem a problem. Interestingly, this methodology could be
applied to the synthesis of naphthalenone derivatives (6g,k).
Substitution at different positions of the alkyl chain connect-
ing the alcohol and alkyne functionalities in 1 is also allowed
(see products 6g,k,m,n,o,r). Particularly remarkable are
those products containing functional groups that allow fur-
ther functionalization. For example, ester-derived com-
pounds 60,r could be easily transformed through this func-
tionality. We were also able to get the alkyne-substituted
cyclohexanone derivative 6g from diyne 1qg. It should be
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noted that in this case we observed exclusive reaction
through one of the alkyne moieties. In other words, we ob-
served the exclusive formation of a six-membered cyclic
ketone in a process where the second alkyne of 1q remained
untouched. Interestingly, the pendant alkyne of 6q could be
used for additional functionalization. The spirocyclic func-
tionalized ketone derivative 6m was also available in high
yield. Furthermore, the new cyclization reaction herein pre-
sented does not seem to be limited to the synthesis of carbo-
cyclic ketones. Thus, the piperidin-3-one derivative 6p could
also be accessed using in this case triflic acid (TfOH) as
promoter. The last example shown in Scheme 2 (compound
6r) is particularly interesting. This product was obtained as a
single diastereoisomer in very high yield starting from a 1:1
mixture of diastereisomers of alkynol 1r. This result is sig-
nificant because it indicates that it is possible to synthesize
enantiomerically pure products 6 through a substrate-
controlled process. Moreover, it also shows that the stereo-
center at 2-position of the starting alcohol directs the for-
mation of the new stereocenter to get a trans-isomer inde-
pendently of the stereochemistry of the stereocenter at 1-
position of the alcohol 1.

Scheme 2. Synthesis of cyclic ketone derivatives 6.

RY OHJ| HBF,-OEt, G mol%) R~ 0

RZ RZ

}x HFIP, 25 °C, 30 min. X
1 6
h MeO Me
O Bu, o

Ph(j BU’@ \%O\%O

6a, 90% 6b, 86% 6c, 71% 6d, 72%
(3 8 grams)
Bn,,, O
()" U , T
6e, 92% 6f, 93% 69, 74% 6h, 54%
Me

Et o

: AT
o
6i, 92% i, 92% 6k, 82% 61, 90%

?3 U oo

MeO,C 'CO,Me Ts

6m, 85% 6n, 88% 60, 90%2 6p, 65%°
(o]

: |‘| ””””””””” “ ”””” i Ph o ph, _oH|[:
: {1MeO ——MeO__ .. !
1 o = " _oHlii A 3
' Ph Ph o o] !
' i 6r, 81% 1r '
| 6q, 61% 1q (d.r. > 20:1) (d.r. =1:1) i

& Reaction performed with 1 equivalent of HBF4-OEt: at 60
°C.  Reaction performed with triflic acid (TfOH, 1 equivalent)
instead of HBF4-OEt2 in the presence of additional water (2
equiv). ¢ Additional water (10 equiv) was required.

Furthermore, we verified that this new reaction of synthesis
of cyclohexanone derivatives could be performed on a gram
scale by the smooth preparation of 3.8 g of 6a in one batch.
Finally, this reaction seems to be limited to the synthesis of
six-membered ring cyclic derivatives as we were not able to
extend the method to the synthesis of other cycloalkanone
derivatives from analogues of 1 with a shorter or longer alkyl
chain.

Having demonstrated the practicability of our methodology
on simple substrates, we next studied the behavior of more
challenging polyenyne derivatives 12 under the optimized
conditions (Scheme 3). For this purpose, several commer-
cially available terpenes (geraniol, nerol and farnesol) were
easily manipulated to install a terminal triple bond following
simple procedures described in the literature.”

Scheme 3. Synthesis of ketone derivatives 13 by a biomi-
metic cyclization process of polyenynes 12.
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Then, the resulting polyenynes 12 were tested under condi-
tions similar to those above described. Notwithstanding, as
these substrates lack a hydroxyl group and formation of the
initial cation is due to an alkene protonation rather than a
dehydration reaction, one equivalent of water had to be add-
ed to the reaction mixture in order to effectively trap the final
alkenyl cation. By effecting this simplistic modification of
our procedure, a small set of rather complex polycyclic ke-
tones 13 could be accessed (Scheme 3).2 Remarkably, trans-
decalone 13a could be isolated in excellent 82% vyield and
namely as a single diastereoisomer (d.r. > 20:1). On the other
hand, bicyclic and tryciclic ketones 13b and 13c were isolat-
ed with equally good yields though as a mixture of diastereo-
isomers (d.r. = 3:1).°

In conclusion, a new tetrafluoroboric acid-catalyzed carbo-
cyclization of alkynols and enynes to synthesize cyclohexa-
nones has been developed. The procedure described in this
manuscript complements and challenges existing methodol-
ogies in the cationic carbocyclization arena. More precisely,
employment of alkynols and enynes decorated with terminal
alkynes leads to the clean formation of cyclohexanones
through exclusive 6-endo mode of cyclization. Moreover, we
have demonstrated the feasibility of biomimetic polyene
cyclizations as a new an interesting way to access polycyclic
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ketones in a highly efficient manner. The simplicity of the
starting materials and procedures coupled with the wide
importance of cyclohexanone derivatives makes the reaction
here described an appropriate tool to consider in organic
synthesis programs.
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