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ABSTRACT
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Palladium(0)-catalyzed cycloadditions of malonate-derived vinylcyclopropane 1 and aldehydes to afford 2,5-cis disubstituted tetrahydrofuran
derivatives are described. Pd loadings as low as 0.5 mol % were effective in catalyzing the transformation with high yields and
diastereoselectivities. Electron-poor aldehydes work best, suggesting that a mechanism involving an initial aldol reaction may be operative.

The importance of developing synthetic methods to prepare
tetrahydrofurans is evident due to the prevalence of these
moieties in structurally and biologicaly interesting mol-
ecules. A common method used to synthesize this scaffold
involves the generation of 1,3-dipolar equivalents and sub-
sequent trapping with a dipolarophile. Dipole formation can
be achieved by the generation of a carbonyl ylide through
thermolysis or photolysis® of epoxides, or more commonly
by trapping of ametallocarbenoid with a carbonyl.*® In these
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examples, the use of an alkene dipolarophile generates the
tetrahydrofuran (THF) product. Alternatively, trapping of a
carbonyl with athree-carbon 1,3-dipole equivalent also yields
THFs. It has been demonstrated that donor—acceptor (D—A)
cyclopropanes, particularly those with heteroatom or other
specialized, highly activating donor substituents (e.g., trim-
ethylsilyl methyl), are useful three-carbon building blocks
for the Lewis acid-catalyzed cycloaddition of aldehydes® and
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ketones®®” to afford THF derivatives. Our group has demon-
strated that THF derivatives are accessible from malonate-
derived cyclopropanes with a carbon-donor substituent via
diastereosel ective and enantiospecific Sn(OTf),- and SnCl 4-
catalyzed cycloadditions with aldehydes® In this Letter, we
describe a new electronically complementary method to
synthesize THF derivatives from D—A vinylcyclopropane
1 through a Pd(0)-catalyzed [3 + 2] cycloaddition with
aldehydes.

The use of Pd(0) to generate s-allylic species is a well-
studied area and is commonly utilized for the alylation of
nucleophiles.® z-Allyl chemistry was expanded to cycload-
ditions nearly three decades ago when Trost introduced
palladium-trimethylenemethane (Pd-TMM) as a three-carbon
dipole equivalent useful for [3 + 2] cycloadditions (Figure
1, top).° More recently, Tsuji generated the three-carbon
mr-allylpalladium dipole equivalent 2 through ring-opening
of 1 by Pd,(dba);»CHCI3 (Figure 1, bottom). The resulting
complex was shown to undergo formal [3 + 2] cycloaddi-
tions with potent electrophiles such as aryl isocyanates and
various acrylates to yield y-lactams'* and cyclopentanes,*?
respectively. On the basis of these and other examples of
hetero- and carbocycle formation from cyclopropanes,*® we
envisioned the synthesis of tetrahydrofurans via Pd(0)-
catalyzed ring-opening of 1 and subsequent cycloaddition
with aldehydes.**
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Figure 1. Trost’s Pd-TMM reagent (top) and catalytic ring opening/
cycloaddition of a malonate-derived vinylcyclopropane via s-al-
lylpalladium formation (bottom).

Preparation of 1 was achieved in one step through a double
alkylation of dimethyl malonate with 1,4-dibromo-2-butene
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as reported in the literature.> Due to the need for highly
electrophilic substratesin Tsuji’ s systems, we first examined
the use of the electron-deficient 4-trifluoromethylbenzalde-
hyde. Preliminary results are reported in Figure 2. The
reaction was sluggish when commercially available Pd(dba),
was used, requiring 28 h to reach completion. Recent reports
demonstrating the increased reactivity of Pd(0) with electron-
rich dba derivatives prompted us to employ bis(4-methoxy-
benzylidene)acetone (MeO-dba) ligands on our Pd(0) pre-
catalyst.*> We noticed a marked improvement in reactivity
under the same reaction conditions when Pdx(MeO-dba); was
used (Figure 2). 2,2'-Dipyridyl (bipy) was chosen as the
ligand based on initial studies indicating superiority over
monodentate amines and phosphines.

0
COMe o (Pd] MeO,C
: (2.5 mol %) CO,Me
CO,Me + H———
\ bipy
1 FC 0.05equiv) | ©O
1equiv > 6equiv 2-MeTHF, rt

[Pd°= Pd(dba),: 28 h, 96%, 90:10 cis/trans
= Pdy(MeO-dba);: 9 h, 94%, 89:11 cis/trans

CF3;

Figure 2. Identity of the Pd° precatalyst has an effect on reaction
rate.

Although 2-MeTHF was found to be a superior solvent
for the transformation in Figure 2, it was not found to be
generaly applicable. Competitive oligomerization of 1 was
observed when other aldehydes were employed in 2-MeTHF.
A solvent screen reveaed that toluene reduced oligomer-
ization substantially and thus was used in subsequent method
optimization experiments.

Table 1 summarizes the effect of the supporting ligand
on reaction efficiency and diastereosel ection. For a uniform
comparison, reactions were arbitrarily stopped and analyzed
after 48 h. The discrepancy between cyclopropane consump-
tion (% conversion) and tetrahydrofuran yield provides an
approximate measure of competitive, nonproductive oligimer-
ization of 1 for a given Pd/ligand complex. By changing the
bidentate amine ligand from bipyridine to phenanthroline,
we noted an improvement in diastereoselectivity (entry 3).
Further improvement in diastereocontrol and reaction ef-
ficiency was realized when bathophenanthroline (bphen) was
used, although the rate was somewhat slower (entry 5). Both
monodentate and bidentate phosphine ligands performed
poorly in promoting THF formation (entries 6 and 7).

With both the diastereoselectivity and the product/oligimer
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Table 1. Ligand Effect on Reaction Efficiency and
Diastereoselection®

4-FPhCHOQ (6 equiv) MeO,C
CO,Me Pd,(MeO-dba);

(0.0125 equiv) COMe
%>< COMe “42nd (0.05 equiv) o
\ . CoHg 1t, 481 I F
dr¢
entry ligand % conversion® % yield® (cis/trans)

1 2,2-bipyridyl 83 48 79:21
2  4,4'-dimethyl-2,2'- 45 32 87:13

dipyridyl
3  phenanthroline 78 47 87:13
4  bathocuproine 61 14 77:23
5  bathophenanthroline 65 48 89:11
6 PPhj 12 9 64:36
7  rac-binap 85 16 57:43

2 Conditions: 1.0 equiv of 1, 6.0 equiv of adehyde, 0.0125 equiv of
Pd,(MeO-dba)s, 0.05 equiv of ligand, 0.30 mL of C/Hg ([1]o = 1.09 M),
48 h, rt under N,. ° Determined by 'H NMR analysis using a mesitylene
internal standard (average of at least two trials). ¢ Determined by "H NMR
spectroscopy.

ratio maximized using the bathophenanthroline/Pd;(MeO-
dba)s-derived complex, we examined a variety of electroni-
cally diverse aromatic aldehydes with this catalyst system
(Table 2). This method works best for electron-poor alde-

Table 2. Cycloaddition of 1 with Aldehydes 3a—qg®

RCHO (3a-q) MeO,C

Pd,(MeO-dba); (cat.) CO;Me
o F

CO,Me

%><002Me
\

bphen (cat.)
C,Hg, rtto 40 °C

1 4aq
equiv temp time dr?
entry R [Pd]s® (°C) (h) % yield® (cis/trans)
1 C¢Hs(3a) 0.0075 40 25 53 89:11
2 4-MeCg¢Hy (3b) 0.025 rt 96 71 92:8
3  4-MeOC¢Hy4 (8e) 0.025 40 24 <5 nd
4°  4-BrCgHy4 (3d) 0.0125 rt 24 80 92:8
5  4-ClC¢H4 (3e) 0.005 40 12 91 89:11
6  4-FCgH4 (3f) 0.0125 rt 96 64 87:13
7°  4-MeO2CCgH4 (3g) 0.005 40 27 80 83:17
8° 4-NCCe¢H4(3h)  0.005 rt 55 93 83:17
9  4-F3sCCg¢Hy (31) 0.0125 rt 4 98 91:9
10° 4-O2NCgHy (3j) 0.0025 rt 5 96 80:20
11 3-CIlC¢H4 (3k) 0.0125 40 21 95 89:11
12¢ 3-O9NCgHy (31) 0.005 rt 2 99 82:18
13 2-ClCgH4 (3m) 0.025 40 3.5 92 98:2
14 2-FCgH4 (3n) 0.005 40 20 98 95:5
15 2-OaNCeH4 (30)  0.0125 rt 3 100 87:13
16 "CsHii (3p) 0.0125 40 22 89 69:31
17 <CgHi1 (3q) 0.0125 40 24 <5 nd

@ Conditions: 1 equiv of 1, 6 equiv of RCHO, 4 equiv of bphen relative
to equiv Pdy(MeO-dba)s, 0.30 mL of C7Hg ([1]o = 1.09 M), under N». ® [Pd]»
= Pdy(MeO-dba)s. © Isolated yield after column chromatography (average
of at least two trials). ¢ Determined by 'H NMR analysis of the unpurified
product. € Three equivalents of aldehyde were used.
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hydes, providing high yields and short reaction times (entries
8—10, 12, 15). Electron-rich aldehydes are problematic, with
only trace product obtained with p-anisaldehyde, despite
complete consumption of cyclopropane (entry 3). The linear,
unbranched aliphatic hexanal was also a successful substrate,
although the dr was poor (entry 16). An aliphatic aldehyde
containing a.-branching was unreactive (entry 17). Although
the reaction rate can often be increased by boosting the
catalyst loading, nonproductive oligimerization increases as
well. Catalyst loading and reaction temperature were vari-
ables found to be in a delicate balance that required some
fine-tuning for each substrate; therefore, the reaction condi-
tionsin Table 2 vary dlightly as the aldehyde partner changes.

We believe that electron-rich aldehydes are not electro-
philic enough to undergo nucleophilic attack by s-alylpal-
ladium complex 2. As a result, the majority of the starting
meaterial oligomerizes prior to cycloaddition. It isinteresting
that in the absence of aldehyde, only 15% conversion of the
cyclopropane to oligomer occurs.*®® To examine the effect
of the aldehyde on oligomerization, we carried out an
experiment using the standard reaction conditions with 0.50
equivalents of p-anisaldehyde. Analysis by *H NMR spec-
troscopy revealed 91% consumption of 1 but only 22% of
the a dehyde.*®” The reaction was accompanied by significant
oligimer formation, suggesting that p-anisaldehyde plays
some role in copromoting the oligomerization.

Me0,C

COZMe CO,Me
CO,Me
o

0
y., [Pd]

|. z-allylpalladium

/ \ formation
11I. ring closure
[Pd]“ CO,Me
N
~"CO,Me
CO,Me 2 2
COzMe }\ H
K 0O - O}\R
(Pd)' -~
1. aldol

Figure 3. Proposed catalytic cycle.

Data from the aldehyde screen provided mechanistic insight
into this reaction. Electron-poor aldehydesreact at a much faster
rate and require a lower catalyst loading, supporting an aldol-
type mechanism in which s-alylpalladium complex 2 attacks
the dectrophilic aldehyde to form akoxide 5 (Figure 3)." Ring
closure and displacement of the Pd(0) catalyst yields the THF
product to complete the catalytic cycle. The inability of
p-anisdehyde to participate productively in the reaction is
consistent with this hypothesis.

(16) Conditions: (a) One equivalent of 1 (0.326 mmol), 0.025 equiv of
Pdy(MeO-dba); (0.0082 mmol), 0.10 equiv of bphen (0.0164 mmol), 0.30
mL C7Hsg ([1]o = 1.09 M), 40 °C, 17.5 h. (b) One equivalent of 1 (0.326
mmol), 0.50 equiv of p-anisaldehyde (0.163 mmol), 0.025 equiv of
Pd,(MeO-dba); (0.0082 mmol), 0.10 equiv of bphen (0.0164 mmol), 0.30
mL of C7Hg ([1]o = 1.09 M), 40 °C, 18 h under N2. *H NMR analysis was
carried out using a mesitylene internal standard.

(17) (bphen)PdCI. does not catalyze the cycloaddition, suggesting that
a mechanism involving a Pd(l1) Lewis acid is unlikely.

2543



Recent work in our laboratory showed that the rear-
rangement of enantioenriched vinylcyclopropanes via a
m-alylnickel complex affords dihydrofurans without loss
of stereochemical fidelity.®> On the basis of these results,
we were interested in examining the stereochemical
outcome of the Pd(0)-catalyzed [3 + 2] cycloaddition
when enantioenriched (S)-1 (er: 99:1) was used. Under
the standard reaction conditions (Figure 4), we observed

4-F3CCH,CHO

(3i, 6 equiv),
Pd,(MeO-dba);  MeOC
CO,Me (0.0125 equiv) CO,Me
—_——

CO,Me bphen (0.05 equiv) o
\ CHg, 4 h f CF,4

97% .

5)1 d 941I 9
. R r: :
er. 991 er 525:47.5

Figure 4. Use of enantioenriched starting material resultsin nearly
racemic product.

nearly complete degradation of enantioenrichment in the
product (er: 52.5:47.5), suggesting the generation of an
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achiral intermediate and/or racemization of the starting
material.

In conclusion, we have developed an efficient, diastereo-
selective method to synthesize tetrahydrofuran derivatives
via a Pd(0)-catalyzed [3 + 2] cycloaddition of vinylcyclo-
propanes and aldehydes. This reaction works well for
electron-poor aldehydes, which is complementary to the
Lewis acid-catalyzed cycloaddition developed in our labora
tory. Research to develop an asymmetric variant of this reac-
tion is currently underway.
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