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We report a highly convergent and modular approach for the
synthesis of dissymmetric cofacial porphyrin complexes, which is
based upon the weak-link approach to supramolecular coordination
chemistry. Specifically, we have utilized a halide-induced ligand
rearrangement reaction, which is capable of providing heteroligated
mixed-metal porphyrin complexes in quantitative yield. Significantly,
the adoption of a coordination chemistry based approach for the
synthesis of these complexes allows for facile in situ regulation of
the porphyrin—porphyrin interactions through the addition of external
chemical stimuli.

other, and the metal centers that reside within tfém.
significant advance would be the development of a synthetic
methodology that allows for the rapid assembly of porphyrin
building blocks into cofacial structures with control over the
orientation and interfacial distances of the porphyrins. Herein,
we report how the weak-link approach (WLA}! can be
used to assemble porphyrins into multimetallic cofacial
structures in a highly modular, convergent, and high-yielding
manner. This approach not only enables the systematic
placement of different metals within the cofacial assembly
but also allows for significant control over the porphyrin
orientation and interporphyrin distances. These capabilities

For over 25 years, research focused on studying thewill open many avenues for studying such structures in the

synthesis and properties of cofacial porphyrin compléxes

context of catalysis and biomimetic systems, especially in

has generated many sophisticated and potentially usefulthe context of energy transfét.

specie€.® While these elegant structures have played a

crucial role in elucidating many interesting physicochemical
phenomendthey are often synthesized using tedious multi-

Recently, we reported the synthesissyinmetricsupra-
molecular cofacial porphyrin assemblies that can be modified
in situ to allosterically control a catalytic reactibhThe

step procedures, relying on rigid scaffolds that restrict the gjiosteric effect is made possible by linking porphyrins

overall structural flexibility of the targeted complex. There-
fore, it is difficult to carry out comprehensive studies

together through a working molecular hinge that operates
by reaction with specific small-molecule effectors. While this

addressing the consequences of changing the porphyrin system possesses several attributes, the synthetic methodol-
porphyrin distance, their orientation with respect to each ogy used to prepare such complexes does not allow one to

*To whom correspondence should be addressed. E-mail: chadnano@Se€lectively access multiple porphyriporphyrin orientations

northwestern.edu (C.A.M.).
T Department of Chemistry and the International Institute for Nano-
technology.
* Department of Biochemistry, Molecular Biology and Cell Biology.
(1) Collman, J. P.; Chong, A. O.; Jameson, G. B.; Oakley, R. T.; Rose,
E.; Schmittou, E. R.; Ibers, J. A. Am. Chem. S0d.981, 103 516~
533.
(2) Chang, C. J.; Loh, Z. H.; Shi, C.; Anson, F. C.; Nocera, DJGAm.
Chem. Soc2004 126, 10013-10020.
(3) Rosenthal, J.; Luckett, T. D.; Hodgkiss, J. M.; Nocera, DJGAm.
Chem. Soc2006 128, 6546-6547.
(4) Merlau, M. L.; del Pilar, Mejia, M.; Nguyen, S. T.; Hupp, J.Ahgew.
Chem., Int. EJ2001, 40, 4239-4242.
(5) Collman, J. P.; Wagenknecht, P. S.; Hutchison, JAfgew. Chem.,
Int. Ed. 1994 106, 1620-1639.
(6) Fan, J.; Whiteford, J. A.; Olenyuk, B.; Levin, M. D.; Stang, P. J.;
Fleischer, E. BJ. Am. Chem. S0d.999 121, 2741-2752.
(7) Wasielewski, M. RChem. Re. 1992 92, 435-461.

7716 Inorganic Chemistry, Vol. 46, No. 19, 2007

or dissymmetric mixed-metal complexes. To overcome this
challenge, we have developed a halide-induced ligand
rearrangement (HILR) reaction that enables the preparation

(8) Faure, S.; Stern, C.; Guilard, R.; Harvey, P.lBorg. Chem.2005
44, 9232-9241.
(9) Fukuzumi, S.; Okamoto, K.; Tokuda, Y.; Gros, C. P.; GuilardJR.
Am. Chem. So004 126, 17059-17066.
(10) Gianneschi, N. C.; Masar, M. S., lll; Mirkin, C. Acc. Chem. Res.
2005 38, 825-837.
(11) Holliday, B. J.; Mirkin, C. AAngew. Chem., Int. EQ001, 40, 2022
2043.

(12) Wasielewski, M. RJ. Org. Chem200§ 71, 5051-5066.

(13) Oliveri, C. G.; Gianneschi, N. C.; Nguyen, S. T.; Mirkin, C. A.; Stern,
C. L.; Wawrzak, Z.; Pink, MJ. Am. Chem. So2006 128 16286~
16296.

10.1021/ic701424j CCC: $37.00  © 2007 American Chemical Society

Published on Web 08/14/2007



COMMUNICATION

Scheme 1. In Situ Regulation of Heteroligated Supramolecular

of dissymmetric heteroligated coordination compleXe&
Cofacial Porphyrin Complexés

This reaction employs simple Rprecursors and a combina-
tion of phosphine-thioether (PS) and phosphinether (PO)
hemilabile ligands to afford heteroligated 'Rhacrocyclict
tweezert® and triple-deckéf supramolecular complexes.
Significantly, because this reaction relies on the use of two 3m=znt
unique ligands, it can be easily extended to the synthesis of

dissymmetric mixed-metal cofacial porphyrin assemblies. P"Zf '
Owing to the (PS)(PO)Rltoordination environment, such W\/_}s .
complexes can undergo significant structural modifications N
in situ through the manipulation of the ancillary ligands at - - 0/
each Rhcenter. Ph e e
To demonstrate the utility of the HILR approach in the  oc—sn—a ac |—c1 -
synthesis of mixed-metal cofacial porphyrin assemblies, we  en# o Ph; i
synthesized a MGPO hemilabile porphyrin ligand. Mgvas g Pengo /m " ameza
12M=2Zn ‘|2~z:

inserted’ into 5,15-bi§4-[2-(diphenylphosphinothioyl)ethoxy]-
pheny}-10,20-bis(mesityl)porphyrit which provided the
corresponding Mymetalated analoguel) in 93% vyield.
Upon isolation ofl, the sulfide protecting groups were easily
removed from the phosphine moieties usingZpICI to
yield the ether-based hemilabile phosphine lig2nd 89%
yield (see the Supporting Information).

Tes 0 th:j
N oo

aMes = mesityl and X = [B(ArF)4]‘ = tetrakis(3,5-trifluoromethyl-
phenyl)borate. (i) [Rh(COD)CJ] THF; (i) Na[B(ArF)4] (2 equiv), CHCly;
(i) CO (1 atm), CDBCly; (iv) CO (1 atm), CBCly; (v) Na[B(ArF),] (2
equiv), COCly; (vi) (n-Bu)aNCI (2 equiv), CO (1 atm), CECl,.

s M= Mg
10M=Zn"

MOE

PhsR

Hemilabile phosphine ligand8 and 4 were prepared
according to previously published methdd@sUpon the
addition of tetrahydrofuran (THF) to a mixture of PO ligand
2 (or 3), PS ligand4, and [Rh(COD)CH (COD = 1,5-
cyclooctadiene) followed by sonication for 1 h, the semi-
open complexe$ and 6 form quantitatively according to
31P{1H} NMR spectroscopy and are isolated in 94% and 93%
yield, respectively (Scheme 1). TR¥{'H} NMR spectra
of 5 and6 in CD,ClI, both show two distinct resonances at
0725 (dd,JRhfp = 182 Hz,Jpo_p = 40 HZ) and 32.7 (dd,
Jrn-p = 170 Hz,Jp_p = 41 Hz), which are highly diagnostic
of the dimeric RB(Cl);(x>-PS)(*-PO) heteroligatedis-P—
Rh—P coordination environmefit. ¢ Additionally, the elec-
trospray ionization mass spectrometry (ESI-MS) spectra for
5 and 6 display M ion peaks amvz 1351.7 and 1373.3,
respectively.

Magenta single crystals &f suitable for X-ray diffraction
analysis, were grown by slow diffusion ofEtinto a CHCI,
solution of5 with 1 equiv of 1,4-diazabicyclo[2.2.2]octane
(DABCO). The DABCO guest acts as a bifunctional bridge
between the MYPO and ZHPS porphyrins (Figure 1).
Additionally, each of the square-planar'Rhsites exhibits
cissP—Rh—P coordination environments, with the PS and
PO porphyrin ligands coordinated to Rm «? and «*
fashions, respectively.

Upon sonication with 2 equiv of Na[B(Ark])in CH.Cl,,
the semi-open assembligsind6 are quantitatively converted
to the fully closed cationic macrocyclésand 8 (isolated
yields >90%; Scheme 1). Thé'P{*H} NMR spectra for
compounds/ and 8 display two resonances at72.5 (dd,

Figure 1. Molecular connectivity diagram obtained from the X-ray crystal
structure of heteroligated hosguest complexX5ODABCO. Views are
shown from the side (A) and the top (B). All hydrogens and disordered
atoms have been omitted for clarity. Selected distances=—Rit = 20.9

A; zn'"'—Mg" = 7.12 A. Color code: gray, C; pink, Rh; orange, P; yellow,
S; red, O; green, CI; blue, N; light blue, Zn; purple, Mg.

Jrh-p = 198 Hz,Jp-p = 40 HZ) and 51.6 (dd]Rhfp = 167
Hz, Jr—p = 41 Hz), indicating the formation of complexes
with the desired closed geometries in which the phosphines
have retained theicisP—Rh—P orientation. The ESI-MS
spectra of7 and8 exhibit M?" ion peaks at/z 1316.8 and
1337.7, respectively.

Because the RRO bonds in macrocycleg and 8 are
weaker than the RRS bonds, they can be quantitatively
converted to the semi-open assembliend10, respectively,
upon the addition of CO (1 atm) (Scheme 1). THe{'H}
NMR spectra fol9 and10 display two resonances at61.3
(dd,\]Rhfp =265Hz,Jp-p=114 HZ) and 18.6 (deRhfP =
263 Hz,Jp—p = 115 Hz), respectively, indicating complete
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conversion into complexes withansP—Rh—P coordination Additionally, through this approach one can easily prepare
environments. The Fourier transform IR (FTIR) spectra for dissymmetric cofacial porphyrin systems in which each
9 and10 exhibit a singlevc=c band at 1970 cnt, consistent porphyrin ligand contains a different metal. Because por-
with the proposed formulation of [Rfx*-PS){'-PO)(CO}]*" phyrins are abundant in nature and are highly functional
adducts® Consistent with the proposed formulations, the building blocks involved in many important proteins and
ESI-MS spectra 0® and10display M peaks am/z1346.3 enzymes (such as cytochrome P-45@ytochromec oxi-
and 1365.3, respectively. dase'® and hemoglobit?), we anticipate that the ability to
Adding 2 equiv of (-Bu);NCI followed by the introduc-  design dissymmetric, multimetallic cofacial porphyrin su-
tion of CO (1 atm) to solutions o¥ or 8 results in the perstructures where the orientation of the porphyrins con-
quantitative formation of the fully open assemblitk or tained within such structures can be “fine-tuned” in situ will
12, respectively (Scheme 1). Alternativelyl or 12 can be facilitate significant discoveries in the fields of energy
directly prepared via introduction of CO (1 atm) to solutions transfer, hostguest chemistry, and supramolecular catalysis.

of the semi-open assembliésor 6. The 3P{'H} NMR
spectra ofL1 and12 both exhibit a broad multiplet @t ~23, Acknowiedgment. C.AM. acknowlgdges the NSF, DDRE,
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The transformations described in Scheme 1 demonstrate Supporting Information Available: Experimental procedures
the power of the WLA as a highly convergent and modular for compounds 1-12 and X-ray crystallographic data for
synthetic methodology for the preparation of cofacial por- 52DABCO in CIF format. This material is available free of charge
phyrin structures in which the porphyriporphyrin distance ~ Via the Internet at http://pubs.acs.org.
and orientation can be selectively modulated in situ. Sig- |c701424J
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