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ABSTRACT

The preparation, X-ray structure, and reactivity of new, highly soluble, and reactive iodonium ylides derived from malonate methyl ester and
bearing an ortho substituent on the phenyl ring are reported. These new reagents show higher reactivity than common phenyliodonium ylides in
the Rh-catalyzed cyclopropanation, C�H insertion, and transylidation reactions under homogeneous conditions.

Within the rapidly growing field of hypervalent iodine
chemistry,1 phenyliodonium ylides2 occupy a special and

important place as efficient carbene precursors, alternative
to the diazo compounds,3 but without major drawbacks,
such as explosiveness and toxicity. Phenyliodonium ylides
(1, Figure 1) are prepared by the reaction of C�H acidic
compounds (e.g., 1,3-dioxo derivatives) with hypervalent
iodine(III) reagents such as PhI(OAc)2. The nitrogen
analogs of phenyliodonium ylides, phenyliodonium imides
2, are synthesized similarly from arylsulfonamides and
PhI(OAc)2.
Under catalytic, thermal, or photochemical conditions,

both reagents 1 and 2 serve as excellent progenitors for
generation of singlet carbene (or carbenoid)4 and nitrene
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species, respectively. Particularly important and well-
developed are the nitrene transfer reactions using imides
2 in the presence of Cu(I) or Rh(II) catalysts.5 In contrast,
similar catalytic carbene (or carbenoid) transfer reactions
using ylides 1 have been less investigated due to the
following reasons: ylides 1 usually are unstable and diffi-
cult to purify, and many of them, especially the acyclic
compounds, have very low solubility in common organic
solvents. For example, phenyliodonium bis(methoxy-
carbonyl) methanide 1a, a most common iodonium ylide
derived from malonate methyl ester, has found synthetic
applications in the cyclopropanation of alkenes,6 C�H
insertion reactions,7 epoxidation,8 and asymmetric
synthesis.9 However, despite its importance, 1a is not a
perfect reagent. Themain challenges are its poor solubility
(insoluble inmost organic solvents exceptDMSO) and low
stability (should be stored �20 �C).2,6c,6d In view of the
innocuous and eco-friendly attributes of iodonium ylides,
the quest for modified ylides 1 that are more stable and
soluble in commonorganic solvents is particularly attractive.
Recently, we have found that the solublility and reactiv-

ity of phenyliodonium imides 2 can be significantly im-
proved by the introduction of an o-alkoxy group in the

phenyl ring of the phenyliodonium moiety.10a Herein, we
report the design, preparation, structural investigation,
and reactivity of new highly soluble and stable iodonium
ylides 5, which are derived from o-alkoxyiodobenzene and
malonatemethyl ester.The choice of this structuralmotif is
based on our previous research10 and that of Protasiewicz
et al.11

o-Alkoxyphenyliodonium bis(methoxycarbonyl)
methanides 5a�d were synthesized according to the pro-
cedure shown in Scheme 1. Reaction of commercially
available 2-iodophenol with appropriate alkyl bromide
or alkyl iodide afforded 2-iodophenol ethers 3a�d in
excellent yields. Subsequent oxidation to diacetoxyiodo
derivatives 4a�dwas accomplished using freshly prepared
peracetic acid. At last, diacetates 4a�d were converted to
the final o-alkoxyphenyliodonium bis(methoxycarbonyl)
methanides 5a�d by treatment with malonate methyl
ester under basic conditions. Products 5 are relatively
stable at rt and can be stored for several months in a
refrigerator without significant degradation, which is
clearly advantageous in comparison to the original 1a.
All ylides 5a�d have good solubility in dichloro-
methane, chloroform, or acetone (e.g., the solubility
of 5b in dichloromethane is 0.56 g/mL). Thus, the new
ylides 5 have a significant advantage over previously
known iodonium ylides.

All new ylides 5a�d were identified by NMR spectro-
scopy, IR, and elemental analysis, and the structure of 5a
was unambiguously established by a single crystal X-ray
diffraction analysis. To the best of our knowledge, this is
the first single crystal X-ray analysis of a malonate ester
derived iodonium ylide since the discovery of this class of
ylides in 1965.12 TheX-ray crystal structure of 5a, showing

Scheme 1. Synthesis of Iodonium Ylides 5a�d

Figure 1. Phenyliodonium ylides and imides.
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intra- and intermolecular interactionswith the hypervalent
iodine center, is given in Figure 2. In the solid state 5a has a
polymeric, asymmetrically bridged structure with a hex-
acoordinated geometry around the iodine centers formed
by two short C�I bonds [2.117 Å for I�C(Ph) and 2.039 Å
for I�C(malonate)] and two relatively long I�O intramo-
lecular interactions between I�O1 (2.928 Å) and I�O2
(3.087 Å). In addition, a relatively weak intermolecular
I�O4 secondary interaction (2.933 Å) is also present in the
solid state structure of 5a. Because the intermolecular
interaction between molecules of 5a is weak, this com-
pound is highly soluble in organic solvents.
The reactivity of iodonium ylides 5 was tested in a

cyclopropanation reaction with styrene using various

catalysts in comparison with reactions of the common
carbene precursors, ylide 1a and dimethyl 2-diazomalo-
nate (Table 1). In general, the reactions of ylides 5 with
alkenes proceed under mild conditions and afford higher
yields of cyclopropanation products compared to ylide 1a
and dimethyl malonate, which can be explained by the
better solubility of 5a.
With the aim to develop and define the scope and limita-

tion of the reactions, the new ylide 5a was first tested as a
reagent in typical Rh-catalyzed cyclopropanations with a
wide range of unsaturated compounds, including benzylic,
allylic, heterocyclic, alicyclic, aliphatic alkenes, dienes, and
an alkyne (Scheme 2).
Diversely substituted styrene-type derivatives under-

went smooth cycloaddition to afford the corresponding
cyclopropanedicarboxylates in excellent yields without
any evidence of C�H insertion at the benzylic positions
(6a�6j). Cyclic, alicyclic, and aliphatic alkenes also reacted
smoothly rendering cyclopropanation adducts in moder-
ate to good yields (6k�6o). Interestingly, the outcome of
the reaction of β-methylstyrenes depended on the stereo-
chemistry of the alkene. The cis-isomer afforded exclu-
sively the cis-cyclopropane product in high yield, while the
trans-isomer led to a complex mixture of products, from
which the trans-cyclopropane was isolated in only 21%
yield (6s vs 6t). This very high degree of stereospecificity
indicates that the steric hindrance effect is much more
important than the influence of electronic effect in the
present system. The cyclopropanation seems to be electro-
philic in nature, but the steric factor is dominant, which

Table 1. Comparison of Rectivity of 5, 1a, and Dimethyl
2-Diazomalonate (DDAM) in Cyclopropanation of Styrenea

entry reagent catalyst

temp

(�C)
time

(min)

yield

(%)b ref

1 1a Rh2(OAc)4 rt 30 80 6c

2 1a Rh2(esp)2
c rt 120 91 6c

3 1a Rh2(OAc)4 120 1 80 6f

4 DDAM Rh2(OAc)4 rt �d 39 6c

5 5a Rh2(OAc)4 rt 60 90

6 5b Rh2(OAc)4 rt 60 88

7 5c Rh2(OAc)4 rt 60 74

8 5d Rh2(OAc)4 rt 60 72

9 1a CuOTf rt �d 57 6c

10 DDAM CuOTf rt �d 5 6c

11 5a CuOTfe rt 120 77

12 1a Cu(acac)2 80 10 57 6f

13 5a Cu(acac)2 80 10 74

14f 4a Rh2(OAc)4 rt 300 27

aReactions were performed by stirring styrene (5 equiv) with appro-
priate catalyst (0.05 equiv) in CH2Cl2 unless otherwise noted.

b Isolated
yields. c esp = R,R,R0,R0-tetramethyl-1,3-benzenedipropanoate. dReac-
tion time is not provided in the reference. e (CuOTf)2 3C6H6 was used as
the source ofCuOTf. f In situ formationof the ylide 5ausing 4a, dimethyl
malonate, MgO, and 4 Å molecular sieves.

Scheme 2. Cyclopropanation Reactions of Alkenesa and Phe-
nylacetylene Using 5a

aThe cyclopropanation of alkenes was conducted in CH2Cl2 at rt by
stirring 5a (1 equiv), alkene (5 equiv), andRh2(OAc)4 (0.05 equiv) unless
otherwise noted. bCu(acac)2 was used instead of Rh2(OAc)4 under reflux
conditions. cThe reaction was conducted under reflux conditions. dThe
yield shown in parentheses corresponds to the use of 5c instead of 5a.

Figure 2. X-ray crystal structure of 5a showing intra- and
intermolecular interactions with the hypervalent iodine center.
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could be further supported by the fact that using 5c instead
of 5a in the cyclopropanation of 6t also led to a lower yield.
Heating the ylide 5a with a diene in the presence of Rh2-
(OAc)4 led to the isolation of vinylcyclopropanes in mod-
erate yields (6r and 6u). Again, the reaction with 6,6-
dimethylfulvene indicates that the addition of an ylide to
a diene is also rathermore sensitive to the steric effect than the
electronic effect (6u). Another remarkable feature of 5a was
observed upon reaction of phenylacetylene, with the corre-
spondingcyclopropene7beingobtainedas themajorproduct.
Next we investigated the direct insertion reactions of

reagent 5a into C�H bonds of aromatic hydrocarbons,
which is a challenging synthetic goal that has previously
been achieved by using various transition-metal catalysts.13

We were pleased to find that reagent 5a readily reacts with
hydrocarbons to give the corresponding C�H insertion pro-
duct undermetal-free (methodC) or catalyst-free (methodD)
conditions (Table 2). For example, the reaction with 1,4-
dimethoxybenzene proceeds even at rt to afford the product
of C�H insertion in 32% yield, without any catalyst, but
with a prolonged reaction time (entry 12). Presumably, this
reaction proceeds via a cation-radical7b (or carbene) path-
way rather than a carbenoid pathway. Excellent chemos-
electivitywasalsoobservedusing this system. In the reaction
with N-methylpyrrole, the R-isomer was the only product;
there was no evidence for the formation of the β-isomer,

which is well-known to form in the reactions using a diazo
compound.14

We have also found that iodonium ylide 5a is highly
reactive in transylidation reactions with a wide range of
heteroatom nucleophiles involving sulfides, sulfoxides,
phosphines, and nitrogen heterocycles; the results are
summarized in Scheme 3. Structures of sulfonium ylide
8d and phosphonium ylide 8i were established by X-ray
diffraction (see Supporting Information).
In summary, we have reported the preparation, X-ray

structure, and reactivity of new, highly soluble, and reac-
tive iodonium ylides 5 derived frommalonate methyl ester
and bearing an ortho substituent in the phenyl ring. These
new reagents afford higher yields of products than com-
mon phenyliodoniumbis(methoxycarbonyl)methanide 1a
in theRh-catalyzed cyclopropanation,C�Hinsertion, and
transylidation reactions under homogeneous conditions.
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Table 2. C�H Insertion Reactions Using Iodonium Ylide 5a

aMethodA: The reaction was performed by heating a mixture of the
iodonium ylide 5a (1.5 equiv), substrate (1.0 equiv), Rh2(OAc)4 (0.01
equiv), and CH2Cl2 (3 mL) under reflux. Method B: Cu(acac)2 was used
instead of Rh2(OAc)4 in method A. Method C: The reaction was
performedusing amixture of the iodoniumylide 5a (1.5 equiv), substrate
(1.0 equiv), BF3 3Et2O (3 equiv), and CH2Cl2 (3 mL) at 0�5 �C.Method
D: Heating a mixture of ylide 5a (1.5 equiv), substrate (1.0 equiv), and
CH2Cl2 (3 mL) under reflux. b Isolated yield. cCu(OTf)2 was used as
catalyst. dReaction was performed at rt.

Scheme 3. Transylidation Reactions of 5aa

aThe transylidation was conducted in CH2Cl2 at rt using 5a (1.2
equiv), the appropriate heteroatom nucleophile (1.0 equiv), and Rh2-
(OAc)4 (0.01 equiv) unless otherwise noted. bThe yield shown in par-
entheses corresponds to catalyst-free reflux conditions. cCu(acac)2 was
used instead of Rh2(OAc)4 under reflux conditions.
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