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We recently reported that the rate of the catalytic Cr-mediated
coupling reaction is dramatically accelerated in the presence of 3,3′-
dimethyl-2,2′-dipyridyl.1 This observation immediately suggests
several new directions for expanding the scope of Cr-mediated
coupling reactions. In this communication, we would like to report
a successful extension of this observation to catalytic Ni/Cr-
mediated macrocyclization without use of high-dilution techniques.

The catalytic Ni/Cr-mediated coupling reaction involves at least
the following four discrete steps: (1) oxidative addition of Ni(0)
to a vinyl iodide (i f ii ), (2) transmetalation of the resultant vinyl-
Ni(II) species to Cr(II) (ii f iii ), (3) C-C bond formation through
the resultant vinyl-Cr(III) species (iii f iv), and (4) dissociation
of the resultant product from the Cr(III) species (iv f v).2 Related
to the present study, it should be noted that the C-C bond formation
takes place via a nucleophile-electrophile pairing, where the
electrophile aldehyde is activated through coordination to Cr, and
the nucleophile vinyl-Cr species is formed through Ni-to-Cr
transmetalation of the vinyl-Ni species.3 With this analysis, the
concentration of real electrophile and nucleophile is equal to, or
lower than, the concentration of Cr and Ni catalysts, respectively.
For example, for the coupling reaction with [substrate]) 20 mM
in the presence of 5 and 1 mol % of Cr and Ni catalysts, the
maximum concentration of real electrophile and nucleophile is 1
and 0.2 mM, respectively. Interestingly, these concentrations do
not significantly differ from the substrate concentration for mac-
rocyclization under high-dilution conditions,4 thereby suggesting
a possibility that catalytic Ni/Cr-mediated coupling reactions can
be applied for macrocyclization5 without use of the high-dilution
techniques. Obviously, several additional factors should be con-
sidered. First, with the progress of the reaction, manganese dihalide
is formed, which might also activate RCHO.6 Second, the molar
ratio of RCHO and Cr catalyst decreases with the progress of the
reaction. Third, with the progress of the reaction, Ni and Cr catalysts
may lose some catalytic activity.7 Despite these unclear aspects,
we still explored this possibility with two vinyl iodide aldehydes1
and3a chosen from the halichondrin area (Figure 2).8,9 We should
note that an attempted Ni/Cr-mediated macrocyclization of1 under
the traditional stoichiometric conditions did not give2,10 whereas
the stoichiometric Ni/Cr-mediated macrocyclization of3avia slow
addition furnished the desired product4.11 Interestingly, the
efficiency of this stoichiometric macrocyclization was dramatically
improved in the presence of (S)-sulfonamide ligand.12

Under conditions optimized for the intermolecular system,1,13we
attempted the macrocyclization of3a and isolated a single product
in an almost quantitative yield. However, spectroscopic analysis
showed that this product was not the desired product4, but the
known C14 primary alcohol3b.11,14On changing the solvent from
DME to THF, we observed that formation of the primary alcohol
3b was significantly suppressed, but activation of the vinyl iodide
group was still very sluggish. Therefore, we next screened the Ni
source, resulting in a major breakthrough; on replacement the NiCl2

source from8 to 7a,1 3a gave the desired macrocycle4 in ca. 60%
yield as a 3:2 mixture of the C14 diastereomers even at the substrate
concentration of 20 mM.15

One of the byproducts observed was the deiodinated aldehyde
3c. Formation of this byproduct was almost completely suppressed
by use of Baker’s anhydrous THF.16 In previous studies,1 we noticed
that both oxidative addition of Ni(0) to a vinyl iodide and
transmetalation of Ni(II) to Cr(II) is very fast, relative to the
following steps, but this kinetic profile may not be translated to
the present, complex intramolecular system. To address this specific
question, the reactivity of thetrans-iodide 3d toward the NiCl2
complex7awas tested in the absence of the CrCl3 complex5; under
the catalytic condition [7a (10 mol %), none of5 in THF], 3d slowly
gave the corresponding deiodinated product, but interestingly no
detectable amount of the homo-coupled diene. Thus, contrary to
the simple system, the first or second step in Figure 1, or both of

Figure 1. Ni and Cr catalytic cycles involved in the Ni/Cr-mediated
coupling. The dissociation step is illustrated with (Cp)2ZrCl2, which can
be replaced with TMSCl.

Figure 2. Substrate structures used.

Figure 3. Ni and Cr catalysts used.
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them, appears to be sluggish, which may account for formation of
the deiodinated aldehyde3c. For this reason, a higher ratio of the
Ni catalyst against the Cr catalyst (molar ratio of7a:5 ) 1:1-2:3)
was used for the macrocyclization. However, we speculate the actual
effective concentration of the Ni catalyst is significantly lower.7

With use of7a as the NiCl2 source, we then screened the best
CrCl3 source and found that5 gave the best result; in the presence
of 5 (5 mol %) and7a (5 mol %),3a smoothly macrocyclized in
THF (C ) 12 mM) at room temperature in 4 h, and the product
was isolated by simple silica gel flash chromatography to furnish
4 as a 3:2 mixture of the diastereomers at C14 in ca. 90% yield. It
is worthwhile noting two additional observations. First, under the
optimized conditions, formation of the primary alcohol3b was
almost completely eliminated. Second, the reaction rate was
relatively slow for the first 10-15 min and then accelerated. We
speculate that this might relate to a time-lag for the catalytic system
to be completely established, but currently, there is no direct
experimental support for this.

With the optimized conditions in hand, we studied the concentra-
tion effect. As mentioned above, we were curious about testing
the concentration effect on the intra- versus intermolecular Cr-
mediated C-C bond-forming events. Thus, the catalytic Ni/Cr-
mediated macrocyclization was conducted in THF at [3a] ) 10,
20, and 40 mM to furnish the desired macrocycle4 (as a 3:2
diastereomeric mixture at C14) in decreasing yields of ca. 90, ca.
80, and ca. 65%, respectively. MALDI-mass analysis demonstrated
that the major byproducts formed in all the cases were mixtures of
primarily dimeric and trimeric products.17 The combined mass
recovery of4 and these byproducts accounted for virtually all the
vinyl iodide aldehyde used. It is noteworthy that the byproduct
formation was less significant in the early stage of reaction than in
the late stage, which is consistent with the analysis given above.

We also anticipated that, by lowering the loading of catalysts
with the substrate concentration kept the same, formation of these
byproducts should be suppressed. Considering the reaction rate,
we feel confident that this catalytic system should be effective even
at lower catalyst loadings. However, it is not a practical option for
us to test lower loadings of catalysts.18 Therefore, we tested the
catalytic macrocyclization with a higher loading of catalysts (10
mol % of5 and 10 mol % of7a) in THF at the same concentration,
yielding a decreased 80% yield of4, along with an increased 20%
yield of a mixture of dimers and trimers. This result once again
supports the analysis given above.

The optimized conditions were also applied to the vinyl iodide
aldehyde1 in the halichondrin B series [25 mg scale with5 (10
mol %) and7a (7 mol %)] to furnish the desired macrocycle2 in
85% yield.15 The overall profile of reaction from1 to 2 was parallel
to that from3a to 4, except that the macrocycle2 was isolated as
a single diastereomer at C14.

Last, we should comment on the macrocyclization in MeCN, an
effective solvent for catalytic Ni/Cr-mediated couplings.1,3 The
catalytic macrocyclization of3a nicely progressed in MeCN to
furnish the desired macrocycle4. However, there were three distinct
differences noticed between MeCN and THF. First, the most
effective Cr and Ni catalysts in MeCN were6 and 7b, whereas
those in THF were5 and7a. Second, the rate of macrocyclization
was significantly slower in MeCN than in THF. Third, the
macrocycle formed in MeCN was almost a single diastereomer at
C14, whereas the product in THF was a 3:2 mixture of the
diastereomers at C14. Under the optimized conditions, the macro-
cyclization of3a in MeCN furnished the desired macrocycle4 in
80% yield. The byproducts formed under this condition were once
again mixtures of primarily dimeric and trimeric products.

In conclusion, the feasibility of catalytic Ni/Cr-mediated mac-
rocyclization was demonstrated for the two substrates chosen from
the halichondrin area. With 5 mol % of Ni and Cr catalysts, the

macrocyclization was realized without use of high-dilution tech-
niques. The reported method has a number of appealing features,
including user-friendliness, easy workup, apparent scalability, and
cost-effectiveness. In addition, all the required reagents are com-
mercially available or obtainable in one or two steps from
commercially available chemicals. Finally, we are currently engaged
with the study of extending this method to other types of catalytic
Cr-mediated coupling reactions.
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