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Acid-Catalyzed Cascade Reactions of Arylvinylcyclopropenes with Acetals
and Aldehydes for the Construction of Different Aromatic Systems

Zhi-Bin Zhu,'" Yin Wei,"” and Min Shi*® "]

Cyclopropenes,!! as the smallest cycloolefins, are highly
strained® but readily accessible substances, which have been
serving as useful building blocks in many organic reactions.”!
In the past several years, catalyzed/noncatalyzed addition re-
actions, substitution reactions and metathesis reactions of
cyclopropenes as well as thermolysis and pyrolysis of cyclo-
propenes have been extensively investigated.l However,
acid-catalyzed reactions of cyclopropenes have been seldom
reported.”!

Recently, our group has explored a new kind of highly
substituted arylvinylcyclopropenes stabilized by multi-aro-
matic rings. These interesting arylvinylcyclopropenes toler-
ate strong bases and weak acids. Rearrangements of these
arylvinylcyclopropenes can easily construct naphthalene and
indene skeletons in the presence of Lewis acids
(Scheme 1).*! On the other hand, gold(I)-catalyzed rear-
rangement of 1 can produce another type of indene deriva-
tives in good yields (Scheme 1).) These interesting rear-
rangements of 1 have attracted our attention to investigate
the reactions of 1 with some other substrates catalyzed by
Lewis acids, which could lead to the construction of interest-
ing aromatic skeletons. In this paper, we wish to report the
Lewis acid-catalyzed cascade reactions of arylvinylcyclopro-
penes with acetals 2 and aldehydes 3 for the construction of
different aromatic systems.

Initially we employed arylvinylcyclopropene 1a to react
with acetal 2a with two different Lewis acids as the cata-
lysts.”® We found that BF;-OEt, could promote the intermo-
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Scheme 1. Lewis acid and Au'-catalyzed rearrangement of arylvinylcyclo-
propenes.

lecular addition of 1a with 2a to produce 8,8-dimethyl-2,2,3-
triphenyl-2,8-dihydrocyclopenta[a]indene (4a), which was
unambiguously determined by X-ray diffraction (Figure 1),
in 74% yield as well as the naphthalene derivative 7a de-
rived from the intramolecular rearrangement of 1a in 13 %
yield in 1,2-dichloroethane (DCE) at 50°C within 1h

WWILEY

g InterScience® — 7543




Ph

CHEMISTRY

A EUROPEAN JOURNAL

(entry 1, Table 1). However, only indene derivative 6a de-
rived from the intramolecular rearrangement of 1a was ob-
tained in 81% yield when Cu(OTf), was employed as the
catalyst (entry 2, Table 1). The investigation of other Lewis
acids such as Sn(OTf),, Ln(OTf); (various lanthanide tri-
flates) and TMSOT( as well as Brgnsted acid trifluorome-
thanesulfonic acid (TfOH) in this reaction revealed that
adduct 4a was produced in most cases as the major products
along with 6a and 7a as the minor products in DCE at 50°C
(entries 3-12, Table 1). BF;-OEt, is the best catalyst to give
4a in higher yield. The examination of solvent effects using
BF;-OEt, as the catalyst revealed that DCE was the best
one for this addition reaction (entries 13-16, Table 1). More-
over, two control experiments were carried out to evaluate
the importance of the catalyst as well as the optimized reac-
tion conditions and the results of the two experiments are
summarized in entries 17 and 18 of Table 1. In the absence
of catalyst, no reaction occurred (entry 17, Table 1). Lower-
ing the reaction temperature to 20°C (room temperature)
afforded 4a in lower yield under identical conditions
(entry 18, Table 1).

Table 1. Optimization of the reaction conditions of 1a with 2a.1"

Ph
Ph Q
Ph PH
4a

Ph Ot cat. (10 mol %) O
X + Ph_<OEt solvent O Ph
oo 0
+ +
Ph Q 7
6a Ph 7a Ph
Entry  Catalyst Solvent t[h] T [°C] Yield [%]"
4a 6a Ta
1 BF;-OEt, DCE 1 50 74 - 13
2 Cu(OTf), DCE 3 50 - 81 -
3 Sc(OTf); DCE 3 50 63 3 -
4 Sn(OTf), DCE 3 50 46 trace -
5 Gd(OTf); DCE 1 50 11 trace -
6 Nd(OTf); DCE 1 50 5 - -
7 Yb(OTf), DCE 1 50 17 - -
8 La(OTf); DCE 10 50 trace - -
9 CuOTf DCE 2 50 - 60 -
10 Eu(OTf), DCE 9 50 46 18 -
11 TMSOTE DCE 1 50 61 - trace
12 TfOH DCE 1 50 63 8 10
13 BF,OEt, THF 5 50 - - -
14 BF,OEt, CH,CN 05 20 53 - trace
15 BF;-OEt, toluene 0.5 50 24 - 24
16 BF,OEt, Et,0 05 50 2 - -
17 - DCE 24 50 - - -
18 BF;-OEt, DCE 1 20 40 - 20

[a] All reactions were carried out using 1a (0.2 mmol) and 2a (0.4 mmol)
in the presence of the listed catalysts (10 mol %) and solvents (2.0 mL);
best result highlighted in bold. [b] Isolated yields.

Interestingly, using benzaldehyde 3a to replace acetal 2a,
we found that 6,6-dimethyl-5,8-diphenyl-5,6-dihydroben-
zo[c]phenanthrene (5a) was obtained in 69% yield along
with 7a in 17% yield in the presence of BF;OEt,
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(10mol%) in DCE at 20°C (room temperature) (entry 1,
Table 2), whereas using Cu(OTf), (10 mol %) as the catalyst
produced the rearrangement product 6a exclusively in 80 %
yield at room temperature (entry 2, Table 2). In the pres-
ence of Brgnsted acid TfOH, Sa was formed in 70% yield
along with 7a in 20 % yield (entry 3, Table 2). Using Brgnst-
ed acid TsOH-H,O (10 mol%) as the catalyst in DCE at
20°C afforded 5a in 30 % yield (entry 4, Table 2). Optimiza-
tion of the reaction conditions was undertaken to minimize
the amount of unwanted product 7a. We examined a variety
of solvents in this reaction using TfIOH as the catalyst, and
found that DCE is the best solvent for this reaction (en-
tries 5-8, Table 2). Variation of temperature revealed that at
10°C, Sa could be formed in 76 % yield along with 13% of
7a in DCE using TfOH as the catalyst (entries 9 and 10,
Table 2). This is the best reaction condition to give 5a in
higher yield.

Table 2. Optimization of the reaction conditions of 1a with 3a.1"

Ph (o]

Ph H cat. (10 mol %) 5a
NS + _
Ph solvent Ph
1a 3a
-0

7a  pp

Entry  Catalyst Solvent t [h] T [°C] Yield [%]®!

5a 7a
1 BF;-OEt, DCE 3 20 69 17
2 Cu(OTf%), DCE 2 20 6a, 80
3 TfOH DCE 1 20 70 20
4 TsOH-H,O DCE 3 20 30 trace
5 TfOH CH,;CN 1 20 67 30
6 TfOH toluene 1 20 trace -
7 TfOH THF 1 20 complex
8 TfOH DCM 1 20 51 49
9 TfOH DCE 1 20 25 50
10 TfOH DCE 1 10 76 13

[a] All reactions were carried out using 1a (0.2 mmol) and 3a (0.4 mmol)
in the presence of the listed catalysts (10 mol%) and solvents (2.0 mL);
best result highlighted in bold. [b] Isolated yields.

Using the optimized reaction conditions, we examined a
variety of arylvinylcyclopropenes 1, acetals 2 and aldehydes
3 in these reactions and the results of these experiments are
shown in Tables 3 and 4, respectively. Acetals 2b-d and 2 f
with an electron-withdrawing group on the benzene ring
produced the products 4 in 48 to 62% yields along with
minor products 7 in 15 to 19% yield. However, acetal 2e
with a methyl group instead of an electron-withdrawing
group on the benzene ring reacted with 1a to produce the
corresponding adduct 4e in higher yield (67 %) along with
less amount of the rearrangement product 7e (5% yield)
(entries 1-5, Table 3). The X-ray crystal structure of 4 f*! fur-
ther supported the formation of product 4 (Figure 2). As for
arylvinylcyclopropenes 1b and 1c¢ having a substituent on
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Figure 2. ORTEP drawing of compound 4f.

the aromatic R? ring, products 4g and 4h were obtained as
sole products in good yields (entries 6 and 7, Table 3). The
substitution on the aromatic R' rings of arylvinylcyclopro-
penes did not significantly change the reaction outcomes. In
the cases of 1d and 1e, adducts 4i and 4j were afforded in
61 and 65% yield as the major products along with minor
products 7i and 7j in 4 and 10% yield, respectively (en-
tries 8 and 9, Table 3).

Table 3. Scope of the reactions of arylvinylcyclopropenes 1 with acetals

2 lal
R1
2 1
7 R 3<0Et BF;+OEt, (10 mol %) R
+ R _— 3
R OEt DCE, 50°C, 3 h R
1 2

R"=R"=CgHy, R2=R? = CgHy

R" or R? is the substitution on the R or R? aromatic ring

Entry 1 (R'/R?) 2 (RY) Yield [%]®

4 7
1 1a (C,Hs/C4Hs) 2b (p-CIC¢H,) 4b, 57 7a, 19
2 la 2¢ (p-BrC¢H,) 4c¢, 51 7a, 15
3 la 2d (p-FCH,) 4d, 62 7a, 17
4 1a 2e (p-MeC¢H,) 4e, 67 7a,5
5 la 2f (m-FCiH,) 4f, 48 7a, 19
6 1b (CHs/p-MeCH,) 2a (C4Hs) 4g, 89 -
7 1c¢ (CHs/p-CIC(H,) 2a 4h, 73 -
8 1d (p-MeC¢H,/C4Hs5) 2a 4i, 61 7d, 4
9 1e (p-CIC(H,/C4Hs) 2a 4j, 65 7e, 10

[a] All reactions were carried out using 1 (0.2 mmol) and 2 (0.4 mmol)
and BF;-OEt, (10mol%) in DCE (2.0 mL) at 50°C. [b] Isolated yields.

The reactions of 1a with electron-rich arylaldehydes 3d,
3e and 3f produced the corresponding adducts 5d, Se and
5f in higher yields than those with electron-deficient arylal-
dehydes 3b and 3¢ (entries 1-5, Table 4). The reactions of
3a with various substituted arylvinylcyclopropenes 1b—f pro-
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duced the corresponding phenanthrenes derivatives Sg-k in
moderate yields similarly (entries 6-10, Table 4). 1-Naph-
thaldehyde (3g) also could be used as the substrate in this
reaction, affording 51 in 47 % yield (entry 11, Table 4). In all
these cases, the minor products 7 were formed in 4 to 23 %
yield (entries 1-11, Table 4). The structures of 5f and 5k
were further determined by X-ray diffraction and their
ORTEP drawings are shown in Figure 3.

Figure 3. ORTEP drawings of 5f (top) and 5k (bottom).

Notably we did not obtain the similar products when ali-
phatic aldehydes were used as the substrates under identical
conditions. The examination of the reaction between arylvi-
nylcyclopropene 1a (1.0 equiv) and 3-phenylpropanal 3h
(3.0 equiv) in the presence of TfOH (10 mol%) revealed
that naphthalene derivative 8a was obtained in 51 % yield
along with the rearrangement product 7a in 16% yield
within 24 h in DCE at 10°C (entry 1, Table 5). The structure
of 8a was unambiguously determined by X-ray diffraction
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Table 4. Scope of the reactions of arylvinylcyclopropenes 1 with alde-
hydes 3.1

R".
‘\\
R\~ R? TOH (10 mol %) L~
f + R*-CHO ——MM
R DCE, 10°C, 1 h
R1
1 3 5

R* = aryl group
R"=R"CgHy, R2= RZCgH,

R™ or R? is the substitution on the R" or R? aromatic ring

Entry 1 (RYR? 3 (RY Yield [% ]
5 7

1 1a (CHy/C,H,) 3b (p-BrCyH,) 5b,52 7a,15
2 la 3¢ (p-CIC¢H,) 5¢,51 7a,12
3 1la 3d (p-MeC¢H,) 5d,62 7a,14
4 1la 3e (p-MeOC¢H,) Se,61 7a,15
5 1a 3f (m-MeC,H,) 5£67 7a,l4
6 1b (CHyp-MeCeH,) 3a (C¢Hy) 5g,59 7b, 4
7 1c (CH/p-CICH,) 3a 5h,65 7c, 13
8 1d (p-MeCH,/CiH;)  3a 56,62 7d,14
9 le (p-CICH/CH;) 3a 5,45  7e, 11
10 1f (p- FCH/CH,)  3a 5k, 51 7e, 20
11 1a 3¢ (1-naphthaldehyde) 51,47 7e, 23

[a] All reactions were carried out using 1 (0.2 mmol) and 3 (0.4 mmol)
and TfOH (10 mol %) in DCE (2.0 mL) at 10°C. [b] Isolated yields.

and its ORTEP drawing is shown in Figure 4.1 Similarly, a
variety of arylvinylcyclopropenes 1 and aliphatic aldehydes
can be used in this reaction to give the products in good

Figure 4. ORTEP drawing of compound 8a.

total yields and the results of these experiments are sum-
marized in Table 5. The steric hindrance is probably the
reason leading to adduct 8b in 17 % yield and the rearrange-
ment product 7n in 51 % yield when the aliphatic aldehyde
3i reacted with 1a (entry 2, Table 5). In other cases, the cor-
responding products were obtained in good total yields with
8c and 8d as the major products (entries 3 and 4, Table 5).
The investigation of the reactions of arylvinylcyclopropenes
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1 with activated aldehyde ethyl 2-oxoacetate 3k or oxo-phe-
nylacetaldehyde 31 revealed that the corresponding naph-
thalene products 8 were obtained in good yields as the
major products along with naphthalene derivatives 7 as the
minor products in most cases (entries 5-9, Table 5). Only in
the case of arylvinylcyclopropene le having electron-with-
drawing substituent on the benzene ring, the corresponding
product 8h was obtained in 25 % yield along with 7t in 34 %
yield, presumably due to the electronic nature of the aro-
matic group (entry 8, Table 5).

Table 5. Scope of the reactions of arylvinylcyclopropenes 1 with aliphatic
aldehydes 3.1

R2
1 2 R OH
R~ R TFOH (10 mol %) \* |
+ R4-CHO ————— +
R DCE, 10°C, 24h X R* ot
1 3 8 R
R* = alkyl group R'=R"CgH,4

R" is the substitution on the R aromatic ring

Entry  1(R'R? 3 Yield [%]™
8 7
o
1 1a (CH/C.Hs) Ph/\)kH 8a, 51 7a, 16
3h
(0]
2 1a O)LH 8b,17  7a,5l1
3i
o
3 1a A~ 8c,42  7a,26
3j
o
4 1a EtOJ\WH 84,92  7a,5
(o]
3k
5 1b (C{Hs/p-MeC¢H,) 3k 8e, 94 7b, trace
6 1c¢ (CsHy/p-CICH,) 3k 8176 7¢,5
7 1d (p-MeCH,/C¢H;) 3k 8¢, 89 7d, trace
8 1e (p-CIC4H,/C4H;) 3k 8h,25  7e 34
o
9 1a Ph%(“ 8i,62  7a,12
o

[a] All reactions were carried out using 1 (0.2 mmol) and 3 (0.6 mmol)
and TfOH (10 mol %) in DCE (2.0 mL) at 10°C. [b] Isolated yields.

A plausible mechanism for the formation of 4 and 5 is il-
lustrated in Scheme 2. When acetal 2 is used as the sub-
strate, acetal 2 initially generates oxonium intermediate A
in the presence of Lewis acid.'!! Alternatively, the carbocat-
ion F could also be formed in the presence of Lewis acid.
We have theoretically investigated the relative stabilities of
intermediates A and F in the gas phase and in solution. The
intermediate A is slightly more stable than the carbocation
F in solution (for computational details, see Supporting In-
formation). Thus, a possible mechanism is suggested as fol-
lows. The reaction of intermediate A with arylvinylcyclopro-
pene 1 produces cyclopropane cationic intermediate B via

Chem. Eur. J. 2009, 15, 7543 7548
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intramolecular Friedel-Crafts reaction to give intermediate
C. In the presence of BF;-OEt,, intermediate C undergoes
the release of an ethoxy group and aromatization to give
the corresponding cationic intermediate D. Intramolecular
cyclization to the exo-vinyl group produces intermediate E
through deprotonation to furnish the product 4.

BF3:OEt,

R3CH(OEt 3HC=
(OB, —Z s> RPHC OEt 1
R EtO BF3+OFEt, RMRZ
AR R3 +
R R' ¢ H
M7 N\
;O l

Friedel-Crafts
reaction

.
|
I
R R i
H G

Friedel-Crafts
reaction then —H*

/
R’ R? aromatization 7
7\
_\R1.
|
+
OH
Prins R"JJ\H
D reaction protonated 3
l R* = aromatic group
-H,0
R!
R R® 8 R1
g A
A '/ =
__5Rr2 R’
R
E R2 A R4
P J
. Friedel-Crafts

reaction then —-H*
R'=R" = CgH, R2=RZ = CgH, 5

Scheme 2. A plausible reaction mechanism of arylvinylcyclopropene 1
with acetal 2 and aldehyde 3 in the presence of acids.

When aldehyde 3 (R =aromatic ring) is employed as the
substrate, the carbocation F and protonated aldehyde 3
could be formed in the presence of Lewis acid initially.
Their relative stabilities are also investigated theoretically.
The carbocation F is more stable than protonated aldehyde
3 in the gas phase and in solution (for computational details,
see Supporting Information). Based on theoretical investiga-
tion results, one possible mechanism starting from the car-
bocation F is proposed here. When aldehyde 3 is used in the
reaction, 1 undergoes protonation, ring-opening, allylic mi-
gration, and intramolecular Friedel-Crafts reaction via inter-
mediates F, G, and H to generate intermediate LP" The
Prins-type reaction of intermediate I with protonated alde-
hyde 3 produces final products 8 (R*=alkyl group) or inter-
mediate J (R*=aryl group). Further intermolecular Friedel-
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Crafts reaction of intermediate J produces adducts 5.0 On
the other hand, aromatization of intermediate I produces
naphthalene derivative 7 as the by-product.®® It should be
noted that the m attack and the ¢ attack of H* to cyclopro-
pene could be both possible in this reaction. However, since
the structures of arylvinylcyclopropenes 1 are planar and
highly hindered,®™ the direct m attack could be favorable
and the sigma-attack could be blocked out.

In conclusion, we have succeeded in the construction of a
variety of aromatic systems via different regioselective addi-
tion of arylvinylcyclopropenes to acetals and aldehydes in
the presence of Lewis or Brgnsted acid under mild condi-
tions. Efforts are in progress to elucidate further mechanistic
details of these reactions and to understand their scope and
limitations.

Experimental Section

General procedure for BF;-OEt,-catalyzed reaction of arylvinylcyclopro-
penes with acetals: Under an argon atmosphere, arylvinylcyclopropenes 1
(0.2 mmol), acetal 2 (0.4 mmol), BF;OEt, (0.02mmol) and DCE
(1.0mL) were added into a Schlenk tube. The reaction mixture was
stirred at 50°C until the reaction completed. Then, the solvent was re-
moved under reduced pressure and the residue was purified by a flash
column chromatography (SiO,).

General procedure for TfOH-catalyzed reaction of arylvinylcyclopro-
penes with aldehyde: Under an argon atmosphere, arylvinylcyclopro-
penes 1 (0.2 mmol), aldehyde 3 (0.4 or 0.6 mmol), TFOH (0.02 mmol) and
DCE (1.0 mL) were added into a Schlenk tube. The reaction mixture was
stirred at 10°C until the reaction completed. Then, the solvent was re-
moved under reduced pressure and the residue was purified by a flash
column chromatography (SiO,).
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The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif. Empirical formula: Cs;3H,g; formula weight:
424.55; crystal color, habit: colorless, prismatic; crystal dimensions:
0.306%0.179x0.137 mm; crystal system: monoclinic; lattice type:
primitive; lattice parameters: a=9.8477(12), b=23.856(3), c=
10.9866(13) A, a=90, B=113.883(2), y=90°, V=2360.0(5) A’;
space group: P21/n; Z=4; peea=1.195 gem™; Fyy=904; diffrac-
tometer: Rigaku AFC7R; residuals: R, R, = 0.0665, 0.1677;
b) CCDC 657295 (5k) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif. Empirical formula: C;,H,,F,; formula weight:
446.51; crystal color, habit: colorless, prismatic; crystal system: mon-
oclinic; lattice type: primitive; lattice parameters: a=10.5985(12),
b=12.9847(15), ¢=17.034(2) A, a=90, f=97.139(3), y=90°, V=
2325.9(5) A%; space group: P21/n; Z=4; paua=1275gem™>; Fypo=
936; diffractometer: Rigaku AFC7R; residuals: R, R,: 0.0487,
0.0826.

CCDC 704849 (8a) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif. Empirical formula: C3;H;,0; formula weight:
456.60; crystal color, habit: colorless, prismatic; crystal dimensions:
0.303x0.216 x0.147 mm; crystal system: triclinic; lattice type: primi-
tive; lattice parameters: a=13.0705(16), b=13.8252(18), c=
15.995(2) A, a=77.673(3), B=T72742(3), y=79.133(3)°, V=
2672.2(6) A%; space group: P1; Z=4; pea=1.135 gem™>; Fyy=976;
diffractometer: Rigaku AFC7R; residuals: R, R,: 0.0717, 0.1514.

H. Meerwein, W. Florian, N. Schon, G. Stopp, Justus Liebigs Ann.
Chem. 1961, 641, 1-39.

For an example of 1,4-addition of intermediate I with o,f-unsaturat-
ed compounds, see: Z.-B. Zhu, M. Shi, J. Org. Chem. 2009, 74,
2481-2485.
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