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In light of increasing crude oil prices and global energy
demands, routes for obtaining fuels and chemical precursors
from methane, coal, or biomass by using synthesis gas, which
is a mixture of CO and H,, are emerging as viable
processes.'”! The main large-scale processes for utilization
of syngas are methanol synthesis, hydrogen production, and
the Fischer—Tropsch reaction. A severe limitation of the last
of these, which affords complex mixtures of hydrocarbons and
oxygenates, is the inability to control the hydrocarbon
product distribution and to select for a particular product.?
Although the prospect of developing homogeneous catalysts
for selective conversion of synthesis gas to hydrocarbons or
oxygenates has generated extensive research for over
40 years, no practical syngas-to-C,, conversion has yet been
realized; formation of the first C—H bond as well as C—C
bonds appear to be the major hurdles that need to be
overcome."*”

In previous work, we succeeded in facilitating both C—H
and C—C bond forming reactions by appending Lewis acids to
ligands in Re and Mn carbonyl complexes; however, those
systems have not proven viable for catalytic CO reduction, as
bonds between the Lewis acid (mostly boron) and oxygen in
the resulting products are too robust, preventing non-
destructive release of any organic product.f' A versatile
ligand platform that can support a wide variety of Lewis acidic
metals in close proximity to a M—CO reaction site would aid
in the effort to balance reactivity with sufficient lability for
closing a catalytic cycle. We report herein on a rhenium
carbonyl complex of a phosphine-functionalized aza crown
ether ligand,"'? which upon coordination of Group 2 Lewis
acids undergoes facile migratory insertions to form Lewis
acid-stabilized acyl complexes that react with H,O and
Brgnsted acids to liberate C, organic compounds.

Conversion of the commercially available aza crown ether
1 to phosphino-aza crown ether 2 followed by reaction with
[Re(CO),(u-Br)], generated phosphine complex 3
(Scheme 1).! Treatment of 3 with AgBF, in CH,Cl, resulted
in cationic complex 4, the large upfield *'P NMR shift (6 —41)
of which is characteristic of phosphorus in a four-membered
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Scheme 1. Synthesis of complexes 2-6.

ring,"¥ suggesting that the N of the aza crown ether has
occupied the vacant coordination site on Re. Reaction of 4
with ZnMe, in CH,Cl, resulted in both methylation at Re and
insertion of Zn into the macrocycle to give 5; the zinc-free
methyl complex 6 was obtained by passing a THF solution of
5 over alumina. The proposed structures of both 4 and 5 were
confirmed by X-ray crystallography (Figure 1).0%%

Both Ca®" and Sr’" were rapidly taken up into the
macrocycle by simple addition of [Cal,(thf),] or [SrL,(thf)s] to
a CD,(Cl, solution of 6 to form 7a and 7b, respectively,
followed by slow (ca. 1 day) insertion of CO into the Re—Me
bond to give acyl complexes 8a and 8b (Scheme 2). These
transformations were conveniently followed by 'H and
SIPNMR  spectroscopy.® Upon addition of Ca’*, the
3P NMR signal for 6 at 6 2 shifted upfield to give a single
broad signal at 6 —11.3 ppm; subsequently the 'H signal
corresponding to the Re—Me protons gradually disappeared
and was replaced by a new singlet at § 2.74, which is consistent
with the formation of an acyl complex. The *CNMR
spectrum included a diagnostic acyl peak at 6 299 ppm (d,
Jep=38.8 Hz), suggesting formation of the Lewis acid-stabi-
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Figure 1. XRD structural representation of a) 4-0.6 Et,0 and

b) 5:0.5C¢Hg; solvent molecules are omitted for clarity. Selected bond
lengths [A] and angles [°]: 4: Re—N 2.2959(18), Re—P 2.4211(6), N-C5
1.511(3), P-C5 1.839(2); N-Re-P 66.96(5), N-C5-P 101.57(14). 5: Zn—
08 2.0675(16), Zn-06 2.1862(18), Zn—N 2.2450(17), Zn-O7
2.3723(17); N-Zn-O7 140.63(7), O6-Zn-O8 88.08(7).
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Scheme 2. Ca”" and Sr*" mediated methyl migration.

lized acyl complex 8a; the IR spectrum was consistent with
a fac-tricarbonyl complex;!'® and an XRD study confirmed
the proposed structure (Figure 2).""%! The Ca®* center in 8a
is seven-coordinate, interacting with the acyl oxygen and both
iodides as well as the O and N donor atoms of the macrocycle.

Figure 2. XRD structural representation of 8a. The structure is disor-
dered: 8a co-crystallizes with 20% of a second species in which the
bridging acyl is replaced by a second bridging iodine. Selected bond
lengths [A] and angles [°]: Re—C4 2.25(10), C4—04 1.24(3), Ca—O5
2.416(10), Ca—06 2.475(9), Ca—O7 2.426(9), Ca—N 2.576(10), Ca-O4
2.237(9); Re-I-Ca 92.23(5), Re-C4-04 119.2(17).
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A bridging iodide occupies the site on Re vacated by
migratory insertion, forming a five-membered ring that
incorporates both Ca and Re.

The analogous Sr-containing acyl 8b was insoluble in
CD,(Cl, and consequently precipitated from solution during
the course of the reaction, but was sufficiently soluble in
CD;CN to obtain 'H and "C NMR spectra. The signals of
these spectra are somewhat broadened at room temperature,
but characteristic signals for the acyl carbon (6 =298) and
protons (6 =2.75) were readily identified. Furthermore, the
signal for the methylene protons linking P and N appears as
two distinct sets of doublets of doublets as a result of coupling
both to phosphorus and to each other; the chemical non-
equivalence is expected for the proposed iodide-bridged
structure.!"!

Uptake of Lit and In*" into the macrocycle could also be
effected by treatment of 6 with LiBF, or [InCl;(thf);], as
evidenced by rapid appearance of new, broad *'P NMR
signals upfield (by 9-12 ppm) from that of 6, but no further
changes indicating insertion were observed. Addition of
[MgX,(thf)] (X=Cl, Br or I) to 6 did result in NMR signals
that suggest formation of migratory insertion products, but
these reactions did not proceed to completion, even after
extended reaction times.""! These differences in reactivity
may be a consequence of the relative sizes of the Lewis acids.
Ca*! and Sr**, the largest ions, are likely
to be situated the furthest outside the
macrocycle (the Ca sits 1.529 A above the
mean plane in 8a) and thus closest to the
Re—CO reaction site, whereas the smaller

N> I Li*, Mg*!, and In*" would be expected to
8 (I:H better fit inside the macrocycle.

: The five-membered Re-acyl-Ca-I ring
gi’)“n':;%: in 8a is closely related to the early

examples of acyl complexes formed by

promotion with AIX,"? but whereas

the latter undergo facile displacement of
the Al-X-M bridges by CO, no reaction was observed when
complex 8a was exposed to an atmosphere of CO or treated
with PMe;. However, addition of [12]crown-4 to a solution of
8a and PMe; did afford Ca-free acyl complex 9 (Scheme 3),
which was characterized by NMR and IR spectroscopy
(including an acyl stretch at 1567 cm™");1" it decomposed in
solution to a complex mixture of products over a period of
12 h, precluding its isolation. On treating 8 a with [12]crown-4
in the absence of added PMe;, sequestration of Cal, resulted
in the rapid reformation of methyl complex 6 (the reverse of
migratory insertion).

The observations of Scheme 3 suggest that the role of the
Re-I-M bridge in the kinetic acceleration and/or thermody-
namic stabilization of migratory insertion products 8 is of
importance comparable to that of the Lewis acid-acyl
interaction. Indeed, no observable reaction took place upon
treatment of complex 6 with a halide-free Lewis acid,
Ca(OTY),, in acetonitrile over a period of several days. (The
use of acetonitrile for this reaction was necessitated by the
insolubility of Ca(OTf), in CH,Cl,. This better-coordinating
solvent might well interfere with the desired Lewis acid-
oxygen interactions; however, the reaction of 6 with [Cal,-
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Scheme 3. Sequestration of Ca’* from the macrocycle.

(thf),] in acetonitrile did lead to the formation of an acyl
complex after several days.) Likewise, in situ generation of
Ca(OTf), in CD,Cl,, by addition of AgOTf to a solution of 6
and [Cal,(thf),], led to no insertion.

Release of a C, organic product generated by Lewis acid-
mediated C—C coupling from the Re center was readily
achieved. Addition of 5-20 equivalents of water to a CD,Cl,
solution of acyl complex 8a or 8b resulted in rapid liberation
of acetaldehyde, which was identified by its "H NMR signals
(0217 d; 6 9.76 q), and formation of Re—I complex 12, the
identity of which was confirmed by comparison of spectro-
scopic data to those of an independently synthesized
sample.'”l Larger amounts of water led to a different reaction:
addition of 50 equivalents of water to a CD,Cl, solution of 8a
gave new complex 13, which

which undergoes addition of methanol to afford 15

Figure 3. XRD structural representation of 13; the iodide counteranion
is not shown. Selected bond lengths [A] and angles [°]: Re-C4
2.345(10), C4-04 1.176(10), Ca—N 2.803(8), Ca—0O4 2.282(7), Ca—O7
2.432(7), Ca—08 2.537(7), Ca—09 2.453(7); Re-I-Ca 94.47(4), Re-C4-O4
116.4(7).
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Scheme 4. Reactivity of 8a with H,0. Pathway A is accompanied by the formation of an unidentified
precipitate; presumably this side reaction provides the additional equivalent of CO required to form 12.
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Scheme 5. Reactivity of 8a with MeOH/HOTHf.

along with an unidentified metal species. Competing nucle-
ophilic attack at the O—Me bond of 14 by iodide leads to the
formation of methyl iodide.

In conclusion, we have shown that Ca?>* and Sr** cations
can be readily incorporated into a macrocycle appended to
a phosphine ligand attached to a rhenium carbonyl complex,
and thus be suitably positioned to act as Lewis acids that
promote otherwise unfavorable transformations of coordi-
nated CO, under mild conditions. These Lewis acids appear to
form weaker intermediate M—O bonds and exhibit greater
substitutional lability than the boron-based systems studied
previously, thereby enabling the facile release of organic
products from the metal center, although that release has not
yet been accomplished nondestructively, in a manner com-
patible with a closed catalytic cycle. To achieve that goal, we
are continuing to investigate the behavior of a wide range of
Lewis acids, using this and other ligand architectures.
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