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In the presence of Pd(i1) catalyst and copper(i1) bromide,
2-(arylmethylene)cyclopropylcarbinols undergo ring enlarge-
ment to deliver (arylcyclobutenyl)carbinols or hydrogenated
furans in good yields under mild conditions; mechanisms ac-
counting for the distinct products have been proposed on the
basis of control and deuterium labeling experiments.

Methylenecyclopropanes (MCPs) are generally used as build-
ing blocks in organic synthesis for their ready accessibility as
well as diverse reactivity driven by the relief of ring strain.
Over the past decades, a series of review articles have been
published on the transformations of these exo-methylene
three-membered carbocycles.! Transition metal catalysts,
now one of the most powerful tools for synthetic chemists,
have played an increasingly important role in these transfor-
mations.> Recently, we showed that, catalyzed by palladium
acetate and metal bromide, MCPs could undergo ring enlarge-
ment to provide the cyclobutene motif efficiently.* Almost at
the same time, Fiirstner and Aissa reported a similar trans-
formation promoted by platinum.’

2-(Arylmethylene)cyclopropylcarbinols 1 are another kind
of MCP bearing an additional hydroxymethyl group® and, as
demonstrated by our group, can undergo a variety of trans-
formations triggered by the nucleophilic hydroxyl group under
milder conditions.” In view of this, we hypothesized that the
tethered hydroxyl group might accelerate transition metal-
assisted reactions or trap the reaction intermediates of MCPs.
Herein, we wish to report the palladium(ir) chloride-catalyzed
ring enlargement of 2-(arylmethylene)cyclopropylcarbinols in
the presence of copper(i1) bromide to furnish (arylcyclobute-
nyl)carbinols or hydrogenated furans in good yields depending
on the substituents on the benzene ring.

The initial examination was performed using (E)-[2-(4-
methoxybenzylidene)cyclopropyllmethanol 1a as the substrate
upon treatment with Pd(OAc), and CuBr, at room tempera-
ture (20 °C) in dichloromethane (DCM). We found that the
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starting material disappeared rapidly and complex product
mixtures were obtained within 0.2 h (Table S1, entry 1).
When the temperature was decreased to 0 °C, to our delight,
we found that the ring expanded products 2a and 3a were
obtained in good total yield (75%) along with moderate
selectivity, with a ratio 5 : 1, within 0.5 h (entry 2). The
structure of 2a has been further confirmed by X-ray diffraction
(ESIY).® Compared with the method described in our previous
paper,* this procedure needs a much lower activation energy,
indicating that the hydroxymethyl group does play an impor-
tant role in accelerating the reaction rate. Following that, we
next screened the reaction conditions in detail. When the
reaction was carried out in 1,2-dichloroethane (DCE) a similar
result was obtained, although toluene, THF, diethyl ether and
acetonitrile were not suitable solvents for this reaction (entries
3-7). Pd(OAc), or CuBr, alone did not promote the transfor-
mation (entries 8 and 9). Combination of Pd(OAc), with other
copper salts such as Cu(OTf),, CuCl,, Cu(OAc), or CuBr did
not give an effective catalytic system (entries 10, 12—14). If the
catalytic system contained K,CO3, no reaction occurred (entry
11). On the other hand, on the examination of some other
metal bromides such as NiBr,, NaBr, MgBr,, ZnBr,, and
LiBr, only NiBr, gave a satisfactory result (entries 15-20).
These results suggest that PdBr, might be the real active
catalyst in this transformation. Actually, the same products
were produced when either PdBr;, or PdCl, was loaded as the
sole catalyst, although in low yields (entries 21 and 22).
Continuous experiments showed that the combination of
PdCl,, CuBr; (0.03 or 0.06 mmol) and NaHCO; could cata-
lyze this transformation smoothly to afford cyclobutenylcar-
binols 2a and 3a in good total yields along with high
selectivities, with the ratio 12 : 1, within 0.5 h (entries 24
and 25).

With the optimal conditions identified, we next examined
the scope of the transformation. Substrates 1, bearing elec-
tron-donating groups on the benzene ring, underwent ring
expanding reactions smoothly to provide the corresponding
(arylcyclobutenyl)carbinols 2b-2f and 3c-3e in good total
yields and good-to-excellent selectivities within 1 h (Table 1,
entries  1-5).  (£)-2-(4-Methoxybenzylidene)cyclopropyl]-
methanol (Z)-1a delivered the same products as its (E)-isomer
in slightly lower yield and selectivity under the standard
conditions (entry 6). However, when these reaction conditions
were applied to (E)-(2-benzylidenecyclopropyl)methanol 1g
which does not have substituent on the benzene ring or
substrates 1h and 1i bearing electron-withdrawing groups on
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Table 1 Formation of (arylcyclobutenyl)carbinols from 2-(aryl-
methylene)cyclopropylcarbinols

OH
Y/\OH PdCl,, CuBry, NaHCO 5 J{
|

; 5 DCM, 0 °C Ar, time R'
R ¢ R 2b-2f 3b- 3f

Entry* R!/R? Time/h  Yield® (%) (2 : 3)
1€ 3-BnOCg¢H4/H, 1b 1 75 (2b)

2 3,4,5-(Me0);C4H,/H, 1¢ 0.5 89 (13:1) 2¢: 3¢)
3 2,5-(MeO),CgHs/H, 1d 0.5 70 (22 : 1) (2d : 3d)
4 4-MeC¢Hy/H, 1e 1 70 (17 : 1) (2e : 3e)
5 3-MeCeHy4/H, 1f 1 68 (2f)

6 H/4-(MeO)CeHy, (Z2)-12 0.5 83 (5:1) (2a: 3a)
74 C¢Hs/H, 1g 2 88 (21 : 1) (2g : 3g)
ged 4-BrC¢Hy/H, 1h 6 61 (2h)

9 4-CIC¢H4/H, 1i 10 23 (2i)

“ All reactions were carried out with 1 (0.3 mmol), PdCl, (0.015
mmol), CuBr, (0.06 mmol), NaHCO; (0.15 mmol) in 1.0 mL of
dichloromethane under an argon atmosphere. ’ Isolated yields.
¢ A trace of 3 was observed. ¢ 2 mg of MS 4 A were added.

the benzene ring, the reactions were sluggish to afford the
corresponding products in sharply lower yields, even upon
prolonged reaction time, and most of the starting materials 1
were recovered. After a series of trials and errors, we found
that adding molecular sieves (4 A2 mg for 0.3 mmol of 1)
improved the situation to some extent, although a large
amount of molecular sieves would suppress the reaction. As
a result, the corresponding (arylcyclobutenyl)carbinols 2g—2i
and 3g were obtained in 23-88% total yields (entries 7-9).

To clarify the role of the hydroxymethyl group in this
transformation, a control experiment using dehydroxylated
substrate 1j as the substrate was carried out under the stan-
dard conditions, and we found that the corresponding ring
expanded products 2j and 3j were obtained in lower yield and
selectivity at elevated temperature (20 °C) even after a longer
reaction time (Scheme 1). This result clearly suggested that the
hydroxyl group plays an important role in this process. To
gain more mechanistic insight into the effects of the hydroxyl
group, we carried out deuterium labeling experiments as
shown in Scheme 2. The deuterium atom on the hydroxyl
group did not shift into the products 2 and 3 and the results
are very similar as those shown in entry 25 of Table S1.+ When
the hydroxyl group was protected by a benzyl group, a similar
result was obtained after a longer reaction time (see the ESI¥).
However, when the hydroxyl group was replaced by an amino
group, no reaction occurred, indicating that just the hydroxyl
group would work by accelerating the reaction rate via co-
ordination to the palladium center.

As noted above, products 2 and 3 were formed in lower
yields and most of the starting materials 1 were recovered in
the absence of 4 A molecular sieves when using substrates 1

| PdCl,, CuBr;, NaHCO; +
ittt BN
4-MeOC4H, DCM, rt, 3 h, Ar 4-MeOCgHy P 3j CeHasOMe-4
1j 61%, 2j:3j = 4:1

Scheme 1 Effects of the hydroxyl group.

oD OH OH
| PdCl,, CuBry, NaHCO, ;{ + E(
4-MeOCgHj
2a

4-MeOCgHy DCM, 0°C, 0.5 h 35 CoHiOMe-4

1a
After column chromatography: 86% yield and 2a:3a = 11:1

Scheme 2 Deuterium labeling experiment.

with an electron-withdrawing group on the benzene ring in the
presence of PdCl, (5 mol%) and CuBr; (20 mol%). However,
when these reactions were carried out under an air atmosphere
in the presence of PdCl, (5 mol%) and 2.5 equiv. of CuBry,
products 4 and anti-5° were the dominant products (Table 2,
entries 2-5). As for (E)-(2-benzylidenecyclopropyl)methanol,
1g, which does not have a substituent on the benzene ring, also
cleanly underwent this type of transformation to provide 4g
and anti-5g in good total yield (entry 1). (Z)-[2-(4-Fluoroben-
zylidene)cyclopropyllmethanol (Z)-1k gave the same products
as its (E)-isomer, but in a lower yield (Table 2, entry 6). It
should be noted that 47% of anti-5h could be converted to 4h}
if it was stored at 0 °C for 6 days, indicating that compounds 4
are more thermodynamically stable. A control experiment was
carried out to evaluate the SN2’ reaction pathway of anti-5h in
the presence of NaBr (1.0 equiv.) under the standard condi-
tions (Scheme 3). It was found that 4h was formed in 16%
yield after 24 h, suggesting that this SN2’ reaction was
relatively sluggish and compounds 4 and anti-5 were formed
through two different reaction pathways.

Plausible reaction mechanisms have been proposed for these
two distinct transformations (Scheme 4). In process I, the
hydroxy group in compound 1 first coordinates to PdX, (X =
Cl or Br) to form a chelated intermediate A, which then
produces a zwitterionic intermediate B (this process might be
the rate-determining step of the transformation). This zwitter-
ionic intermediate is stabilized by the cyclopropylmethyl
group'® and reinforced by the electron-donating group sub-
stituted benzene ring. Rearrangement of this “‘non-classical”
zwitterionic species produces carbene intermediates C and D
via path a and path b, respectively. The final products of
(arylcyclobutenyl)carbinols 2 and 3 are furnished by a follow-
ing 1,2-hydrogen shift.*> In process II, a partially charged
zwitterionic intermediate E'! rather than the totally changed
zwitterionic intermediate B might exist, which presumably

Table 2 Formation of dihydrofurans and tetrahydrofurans

OH Br
| _PdGly, GuBra NaHCOs,

R1 R2 DCM, rt, Air, time
1
Entry” R!/R? Time/h Yield® (%) (4 : 5)
1 CgHs/H, 1g 12 85(3: 1) (4g : 5¢)
2 4-BrC¢H4/H, 1h 12 81 (3 : 1) (4h : 5h)
3 4-CIC¢H4/H, 1i 12 82 (3 : 1) (4i : 5i)
4 4-FC¢H4/H, 1k 12 97 (3: 1) (4k : 5k)
5 2,3-CL,CHs/H, 11 12 70 (3 : 1) (41: 51)
6 H/4-FCgH,, (2)-1k 32 27 (3 : 1) (4k : 5k)

“ All reactions were carried out with 1 (0.3 mmol), PdCl, (0.015
mmol), CuBr, (0.75 mmol), NaHCO3 (0.40 mmol) in 1 mL of
dichloromethane under an air atmosphere. * Isolated yields.
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Scheme 3 Control experiment.
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Scheme 4 Proposed mechanisms for the two distinct processes.

comes about due to the electronic nature of the electron-
withdrawing substituents on the benzene ring. Then, inter-
mediate E is attacked from two different orientations by a
bromide anion to form m-allylpalladium intermediates F and G
via path ¢ and path d, respectively.'? Subsequent attack of the
n-allylpalladium intermediates by the tethered hydroxyl group
furnishes the corresponding two products of dihydrofuran 4
and tetrahydrofuran 5, respectively. In addition, reductive
elimination of the forming palladium(i) halide hydride
(HPdX) intermediate gives a Pd® species, which is oxidized
by CuBr, to regenerate the active catalyst. An alternative
mechanism of the reactions under air, similar to a Wacker-
type reaction, is provided in the ESIL.}

Concerning the operation of process I, two points should be
outlined: (a) 0.2 equiv. of CuBr, (>0.05 equiv. of PdCl,) is
necessary because traces of substrate 1 follow process II and
subsequently result in the formation of catalytically inactive
Pd° species although the bromine atom is not incorporated in
the products. (b) Adding 4 A molecular sieves could get rid of
the forming water and subsequently decrease the density of
nucleophilic bromide anions, accordingly improving the yields
of (arylcyclobutenyl)carbinols 2 and 3 especially for substrates
1 with electron-withdrawing groups on the benzene ring.

In conclusion, we have developed an efficient method for
ring enlargement of 2-(arylmethylene)cyclopropylcarbinols
catalyzed by palladium(i) chloride in the presence of
copper(i1) bromide. Substrates with electron-donating groups
on the benzene ring undergo rearrangement smoothly to
provide (arylcyclobutenyl)carbinols in good yields and selec-
tivities under mild conditions. While, substrates with electron-
withdrawing groups on the benzene ring produce dihydrofur-
ans and tetrahydrofurans in good total yields in the presence
of stoichiometric amounts of CuBr,. Mechanisms have been

proposed for these two distinct reaction processes. We think
that carbene species might be involved in the formation of
(arylcyclobutenyl)carbinols and a w-allylpalladium intermedi-
ate would account for the production of the dihydrofuran and
tetrahydrofuran products.
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