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The molecular recognition properties of dizinc(ll) bisporphyrin anchored by dibenzofuran (DPD), Zn,(DPD) (1),
were evaluated as a strategy for utilizing the Pacman effect to control the excited-state properties of cofacial
bisporphyrin motifs. Crystallographic studies establish that DPD furnishes a cofacial system with vertical flexibility
and horizontal preorganization. The structure determination of a substrate-bound DPD species, Zn,(DPD)(2-ami-
nopyrimidine) (2), completes a set of structurally homologous zinc(1l) porphyrin host and host—guest complexes,
which offer a direct structural comparison for the Pacman effect upon substrate complexation. Binding studies
reveal that pyrimidine encapsulation by the DPD framework is accompanied by a markedly reduced entropic penalty
(~60 J mol~*K~1) with respect to traditional face-to-face bisporphyrin systems, giving rise to a smaller conformational
energy cost upon substrate binding. Transient absorption spectroscopy reveals that substrate encapsulation within
the DPD cleft dramatically affects excited-state dynamics of cofacial bisporphyrins. The emission lifetime of host—
guest complex 2 increases by more than an order of magnitude compared to free host 1. In the absence of the
guest, the excited-state dynamics are governed by torsional motion of the porphyrin rings about the aryl ring of the
DPD npillar. Host—guest hinding attenuates this conformational flexibility, thereby removing efficient nonradiative
decay pathways. Taken together, these findings support the exceptional ability of the DPD system to structurally
accommodate reaction intermediates during catalytic turnover and provide a novel supramolecular approach toward
developing a reaction chemistry derived directly from the excited states of Pacman constructs.

Introduction arrangement by a rigid anthracene or biphenylene pillar, so-
called “Pacman” porphyrins, that form molecular clefts for

The unrivaled capacity of enzymes to perform sophisti- T R !
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related platforms for catalytic multielectron reactivity, es- by a vertical distance of more than 44AEfficient oxygen-
pecially as it pertains to our interest in proton-coupled activation chemistry is observed when such cofacial structural
electron transfer (PCE3 32 and attendant PCET-mediated motifs minimize lateral displacement over this large range
activation of oxygen and related small-molecule subst?atés. of vertical motion. Dicobalt(ll) complexes of both DPX and
To this end, we have recently developed methods for the DPD are effective electrocatalysts for the four-electron
assembly of new cofacial bisporphyrins affixed to xanthene reduction of oxygen to water despite their roughly 4 A
and dibenzofuran pillars. The DPX (diporphyrin xanthéhé) difference in metatmetal distance®’ and the diiron(lll)
and DPD (diporphyrin dibenzofurafi)*® architectures afford  u-oxo complex of DPD shows superior reactivity compared
a wide range of vertical pocket sizes and flexibilities while to rigid or unbridged counterparts for the photooxidation of
maintaining a face-to-face arrangement of macrocyclic organic substrates under mild conditidh$>This latter result
subunits. In particular, the DPD system provided direct suggests not only that the vertical Pacman flexibility of the
support for the Pacman effect in a single framew@ria molecules mimics the induced fit that is so crucial to enzyme
comparative structural analysis of dizinc(ll) and diiron(lll) catalysis but also that the Pacman effect has consequences
u-oxo complexes of DPD demonstrated the exceptional for photoinduced reaction chemistry as well.
ability of this platform to open and close its binding pocket ~ Our aim of developing a photochemistry for the Pacman
(16) Collman, J. P.; Ha, Y.; Wagenknecht, P. S.; Lopez, M. A.; Guilard, motif is pre_dicated on an in_timate understanding Of_funda'
R.J. Am. Chem. Sod993 115 9080-9088. mental excited-state properties. To date, photocatalytic cycles
) e, & iokon & | Eomanes 30 nn'Soagsg © involving eofacial bisporphyrins employ the Pacman con-
114, 9877-9889. struct as a precataly$t?® in this case, the absorption of a
(18) Guilard, R.; Brandg S.; Tardieux, C.; Tabard, A.; L'Her, M.; Miry,  photon unmasks an active ground-state catalyst for substrate
T e frpgoP Yoi Collman, J. B Am. Chem. S0d998  conversion. In contrast, the direct use of the Pacman excited
(19) Le Mest, Y.; L'Her, M.; Hendricks, N. H.; Kim, K.; Collman, J. P.  state to promote multielectron photochemistry has been
(20) Ifgl;\%e;h?(migggﬁ\a%;gﬂ‘] Ylnorg. Chim. Actal996 248§, EIUS_iV_e owi_ng to the n.eed f.or a long-lived excit_ed state to
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(25) Cukier, R. I.; Nocera, D. GAnnu. Re. Phys. Chem1998 49, 337— compared to the more rigid DPX analogue (18.2¢&)for
369. _ Pd,(DPD), 102(3)us for Pd(DPX)). These results uncover
(26) gggi%c-),\(ﬁeshﬁgl—egbié?” Carpenter, S. D.; Nocera, Di@rg. Chem. 5 haradox to the development of Pacman photochemistry;
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Angew. Chem., Int. Ed. Endl997, 36, 2124-2127. i i
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119, 9230-9236. flexibility associated with this splayed motif has a detrimental
(29) Roberts, J. A.; Kirby, J. P.; Wall, S. T.; Nocera, D.|8org. Chim. effect on its excited-state properties.
Acta 1997, 263 395-405. Th it of direct multielect hotochemistry
(30) Kirby, J. P.; van Dantzig, N. A.; Chang, C. K.; Nocera, D. G. € pursuit or direc mu e ec_ ron p POC emis ry rom
Tetrahedron Lett1995 36, 3477-3480. Pacman constructs provides an imperative for the discovery
(31) Roberts, J. £ <rby: J. P-; Nocera, D. & Am. Chem. S0a.995 of new approaches for tailoring the photophysics of the
(32) Turrg C.; Chang, C. K.: Leroi, G. E.; Cukier, R. I.; Nocera, D. &. Pacman excited state. Toward this end, we reasoned that the
Am. Chem. Socl992 114, 4013-4015. torsional librations of the DPD Pacman scaffold could be
(33) Damrauer, N. H.; Hodgkiss, J. M.; Rosenthal, J.; Nocera, DJ.G. inimized bindi b inside th .
Am. Chem. Sogsubmitted for publication, 2003. mlnlmlge upon binding substrate inside the Pacman cavity.
(34) Chang, C. J.; Chng, L. L.; Nocera, D. G.Am. Chem. So2003 Accordingly, we sought to develop a hegiuest chemistry
125 1866-1876. :
(35) Chng, L. L.; Chang, C. J.; Nocera, D. Grg. Lett. 2003 5, 2121~ of the DPD platform by using stable_ adduc_ts that are
2124, amenable to structural and spectroscopic scrutiny. Sanders’
(36) Chang, C . Yeh, C.-¥.; Nocera, D. @. Org. Chem2002 67 approach of using multifunctional zinc(ll) porphyrin hosts
(37) Yeh, C.-Y.: Chang, C. J.: Nocera, D. G. Am. Chem. So@001, with neutral nitrogen donors to form Lewis aeibbase
123 1513-1514. inclusion complexes provided an attractive starting pBirsé.

(38) Chang, C. J.; Loh, Z.-H.; Rosenthal, J.; Shi, C.; Anson, F. C.; Nocera,
D. G. Unpublished results.
(39) Chang, C. J.; Deng, Y.; Heyduk, A. F.; Chang, C. K.; Nocera, D. G.
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Inorg. Chem200Q 39, 959-966. (44) Chang, C. J.; Deng, Y.; Shi, C.; Chang, C. K.; Anson, F. C.; Nocera,
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investigation. Although few metal-based receptors are known
to encapsulate pyrimidine and its derivati¥é$; these

heterocycles provide an excellent geometric match for the
wedge-shaped DPD framework. In this report, we present a

detailed structural and spectroscopic investigation of
Zn,DPD—pyrimidine host-guest complexes. Our findings

demonstrate that the DPD system provides a Pacman pocket

with vertical flexibility and horizontal preorganization that

effectively binds substrates with a markedly reduced entropic

penalty. Moreover, supramolecular complexation within the
cofacial cleft can increase excited-state lifetimes by more

than an order of magnitude, revealing that the Pacman effect

also affords a facile and effective supramolecular strategy

for tuning the excited-state dynamics of cofacial bisporphy-
rins.

Results and Discussion

Structure and Energetics of Pacman Complexation.
DPD cofacial bisporphyrins anchored by a single dibenzo-

furan spacer are available using the three-branch strategy

originally developed by Chafigind elaborated by Colima#.
Zinc insertion into the E{DPD) ligand proceeds in a quan-
titative manner using standard conditions to give the previ-
ously reported Zg(DPD) (1). The regioselective attachment
of porphyrin macrocycles at the 4 and 6 positions of di-

benzofuran yields a splayed DPD system that displays large

vertical pocket sizes<7.5 A in metat-metal distances) with
minimal lateral displacements of the porphyrin subunits; this

architecture provides a complementary wedge-shaped host

structure for pyrimidine-based gueéts.

The complexation of 2-aminopyrimidine Hyis readily
monitored using'H NMR spectroscopy, as highlighted in
Figure 1. In the presence of up to 1 equiv of the guest, two

Figure 1. SelectedH NMR spectra ofl containing (a) 0, (b) 0.67, (c) 1,
and (d) 3 equiv of 2-aminopyrimidine in GBI, solution at 25°C. The
spectral range captures the signals for the meso protons of freé host
host-guest comple2, which are found in the range of-40 ppm.

&
=
¥ | | | | o)
0 0.2 0.4 0.6 0.8 1
x (1]
Figure 2. Job plot establishing the 1:1 stoichiometry for binding of

2-aminopyrimidine inside the cleft of ho4t y[1] and y[2] are the mole

distinct sets of chemical shifts are observed between 9 andfractions of host and hosguest complexes, respectively.

10 ppm, corresponding to the meso protons of free host

(50) Nakash, M.; Clyde-Watson, Z.; Feeder, N.; Davies, J. E.; Teat, S. J.;
Sanders, J. K. MJ. Am. Chem. So@00Q 122 5286-5293.

(51) Anderson, S.; Anderson, H. L.; Sanders, J. KIMChem. Soc., Perkin
Trans. 11995 2255-2267.
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199Q 112 5773-5780.
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Trans. 11989 547-552.
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Commun.1988 694—696.

(58) Hunter, C. A.; Meah, M. N.; Sanders, J. K. M.Chem. Soc., Chem.
Commun.1988 692—-694.

(59) Borovkov, V. V.; Lintuluoto, J. M.; Inoue, YJ. Am. Chem. So2001,
123 2979-29809.

(60) Brettar, J.; Gisselbrecht, J.-P.; Gross, M.; Solladi€Chem. Commun.
2001, 733-734.

(61) Huang, X.; Borhan, B.; Rickman, B. H.; Nakanishi, K.; Berova, N.
Chem—Eur. J.200Q 6, 216-224.

(62) Crossley, M. J.; Thordarson, Rngew. Chem., Int. E2002 41,
1709-1712.

(63) Uemori, Y.; Nakatsubo, A.; Imai, H.; Nakagawa, S.; Kyunolrerg.
Chem.1992 31, 5164-5171.

(64) Richardson, D. E.; Taube, H. Am. Chem. S0d.983 105 40-51.
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(6 9.67, 9.71 ppm) and a single hegfuest complexd 9.58,
9.63 ppm). For the latter complex, the proton signals of the
guest exhibit significant upfield shift® (—3.70,—0.72, 2.40
ppm) compared to those of the free guést (90, 6.62, 8.30
ppm), consistent with coordination of the bidentate pyrimi-
dine within the cleft of dimer. The formation of a single
complex is observed when a 1:1 hoguest ratio is attained.
Further addition of the guest produces signals only for
uncomplexed pyrimidine. In addition, no changes in signal
for the host-guest complex are detected in the temperature
range from—20 to 40°C. A Job plof® of the 'H NMR
titration data (Figure 2) shows that the complex is optimally
formed at equimolar concentrations of porphyrin host and
pyrimidine guest (i.e., a 0.5 mole fraction). Taken together,
these data establish the formation of a stable 1:1 complex
of 1 and 2-aminopyrimidine.

The stability of the hostguest complex allows for its
isolation as an analytically pure solid on a preparative scale
in good yield (85%). Material suitable for single-crystal X-ray
analysis can be obtained from chloroform/methanol solutions.
The structure of the hosguest complex ZgDPD)(2-

(66) Connors, K. ABinding ConstantsWiley: New York, 1987.
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with a reduced Zr-Zn distance of 6.684 A (zrzn=7.775

A'in free hostl). The tightened conformation also results in
compressed distances between the cofacial porphyrin meso
carbons connected to the spacer (5.577 A.i8.444 A in

2). For 2, the five-coordinate Zn(ll) ions adopt a square
pyramidal geometry with an average-Z2Npyroe bONd length

of 2.076 A. Inequivalent ZANg.s bond distances are
observed in the solid state (2.257 and 2.346 A), and the
corresponding zinc atoms are displaced toward the guest by
0.334 and 0.236 A, respectively, from the corresponding N
macrocyclic planes. The guest is locked in a coplanar
arrangement with the dibenzofuran spacer (dihedral angle
= 0.4°), placing the amino nitrogen of the pyrimidine guest
3.380 A from the oxygen atom of the dibenzofuran bridge
and 3.398 A from the nearest porphyrinic nitrogen. The key
structural feature o in relation to free host is the small
torsional twist (4.6 for 2, 1.2 for 1, defined as the torsion
angle between the two meso-carbon to spacer bonds) between
porphyrinic subunits, giving a hosguest complex in which
Figure 3. Crystal structure of. Thermal ellipsoids are drawn at the 25%  the only notable conformational change from the free host

probability level. Hydrogen atoms have been omitted for clarity. is in the vertical direction.

Table 1. Crystallographic Data for Z(DPD)(2-aminopyrimidine)Z) The binding betW_eeﬂ and 2.-aminopyrimidine can a|50”
empirical formula GaHeClNLOZ be chargctenzgd.u_smg absprpnon spectroscopy_. The addition
fw 1701.40 of 2-aminopyrimidine to dichloromethane solutionsloat
T(K) 183(2) room temperature results in noticeable red shifts for the Soret
’Clr(yé)t syst Oggr?oﬁmc (from 399 to 406 nm) and Q-band (from 533 and 570 to
space group P2(1)h 539 and 575 nm, respectively) manifolds (Figure 4), indica-
a(A) 17.9742(3) tive of axial nitrogen coordination to a zinc(Il) porphyfif8
E((f\\)) %g:}ggigé) Well-anchored isosbestic points over the entire range of
B (deg) 102.1760(10) binding isotherms indicate the existence of an equilibrium
V(A3 8811.4(2) between the host and the 1:1 heguest complex. Further-

2 (o) 1 283 more, a Hill plof® of In[(A — A)/(A — Ad)] yields a slope of
abs coeff (mm?) 0.866 1.00 £+ 0.03, indicating a simple binding process with no
F(000) 3520 cooperativity. The association constalit, = 9.6(7) x 107
%%eoggﬁggf]tcg;ﬁ]ﬁ:) 838992)3_’0433) M~1, is among the highest observed for the binding of
data/restraints/params 8209/6/993 nitrogen heterocycles to zinc(ll) porphyrin based has$ts?
R12wR2° 0.0863, 0.2434 and is noteworthy for coordination of the relatively weak
ggpvgﬁf:bz(a" datz) 10_ '1009743’ 02503 pyrimidine base (K. = 3.5).”° The largeKa attests to (i)

ARL= SIFs — [FIVS I PWR2 = (S — FPYS (WERD)Y? the eﬁ_‘icacy of the_fit_ i_nduced by complementa_ry _shap_e—
cGOF— (zw(Fooz _ c2)2/(n°; 0)¥2 wheren is the number of data refined matching of the pyrlm@lne gue;t to the_ wedged binding site
andp is the number of parameters refined. of the DPD cleft and (ii) the facile vertical Pacman closure

to provide a stable hosguest adduct. The thermodynamic
aminopyrimidine) 2) depicted in Figure 3 confirms the parameterd\H° = —63(6) kJ mol! andAS’ = —61(12) J
encapsulation of 2-aminopyrimidine inside the cavity of mol™* K~! are obtained from titrations at various tempera-
bisporphyrinl. Taken together, the molecular structures of tures. Notably, the entropic penalty associated with formation
1 and 2 represent a rare pair of structurally homologous of host-guest comple® via a single vertical Pacman motion

dizinc(ll) bisporphyrin host and hosguest complexeg> is small in comparison to binding ditopic ligands to doubly
and consequently offer a direct structural comparison for the strapped dizinc(Il) porphyrin receptorA% ~ —100 to 130
Pacman effect upon substrate complexation. J mol* K=1) with multiple degrees of freedofi:>®

Crystallographic data are given in Table 1, and selected Binding studies were extended to include a series of
geometrical measurements are given in Table 2. Trends in2-substituted pyrimidines. The data collected in Table 3 show
bond lengths and angles of macrocyclic core structures andthat such guests coordinate Tovith association constants
side chains agree well with those observed in related cofacial
bisporphyrins. Structural highlights @fin relation tol are (67) g’ggirv J. R.; Dorough, G. DJ. Am. Chem. Sod952 74, 3977~
as follows. The framework of free hosundergoes a number  (g8) Hambright, PJ. Chem. Soc., Chem. Comma867, 470-471.
of conformational changes upon ligation of the pyrimidine (69) Hill, A. V. J. Physiol. (London}L91Q 40, pp IV-VII. _
guest to produc. The binding of the guest triggers a closure  (7© E;f)'ﬁg;?ﬁsf“;)y‘r’fdfﬁe"lmggg,etg/gogég'Czng.rggf’i”m"igggglsefzorgg;(")
of the molecule along a single longitude, affording a complex pyrazine= 0.65.
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Table 2. Selected Bond Lengths (A) and Angles (deg) Calculated fof@PD)(2-aminopyrimidine) Z)
Bond Lengths (&)

Zn(1)-N(1) 2.064(6) Zn(1>N(3) 2.105(6) Zn(2)N(5) 2.064(6) Zn(2N(7) 2.069(7)

Zn(1)-N(2) 2.067(6) Zn(13N(4) 2.090(7) Zn(2)-N(6) 2.065(6) Zn(2)N(8) 2.084(7)

Zn(1)—-N(11) 2.262(6) Zn(2yN(10) 2.345(6)

Bond Angles (deg)

N(1)—Zn(1)-N(2) 87.4(2) N(4)-Zn(1)—N(3) 87.0(3) N(5)-Zn(2)—N(6) 87.8(3) N(7)-Zn(2)—N(8) 87.6(3)
N(1)—Zn(1)—N(4) 90.0(2) N(1)}-Zn(1)-N(11) 101.7(2) N(5%-Zn(2)~N(7) 166.7(2) N(5)-Zn(2)—N(10) 100.9(2)
N(2)—Zn(1)-N(4) 163.0(2) N(2-Zn(1)-N(11) 101.8(2) N(6)-Zn(2)—N(7) 91.0(3) N(6)-Zn(2)—N(10) 97.0(2)
N(1)—Zn(1)—N(3) 160.3(2) N(4)-Zn(1)—-N(11) 95.2(2) N(5¥Zn(2)—N(8) 90.7(3) N(7)-Zn(2)—N(10) 92.4(2)
N(2)—Zn(1)—N(3) 89.8(3) N(3)»-Zn(1)-N(11) 98.0(2) N(6)-Zn(2)—N(8) 167.3(2) N(8)-Zn(2)—N(10) 95.7(2)

C(24), and C(26). The sum of the Mulliken overlap popula-
tions between the amine nitrogen of 2-aminopyrimidine and
the aforementioned carbon atoms is 0.108 e; for comparison,
the average ZfaNguestoverlap population is 0.218 e. These
data suggest that the origin of the thermodynamically fav-
orable hostguest interaction is a strong noncovalent interac-
tion between the amine nitrogen of 2-aminopyrimidine and
the proximal carbons of the bisporphyrin framework, with
the amine nitrogen serving as a Lewis base and the proximal
porphyrin meso carbon serving as a Lewis acid. The strong
noncovalent hostguest interaction is manifested in an
increase in positive electronic charge of the porphyrinic sub-
units upon binding of the guest-(0.188 e inl, +0.171 e in

2). Because binding of the pyrimidine guest to the bispor-
Figure 4. Absorption spectra of in the presence of 0, 0.2, 0.4, 0.6, 0.8, phyrin host leads to further stabilization of the hegtiest

and 1.0 equiv of 2-aminopyrimidine at 2&. The final spectrum does not . . . "
change upon further additions of 2-aminopyrimidine. complex, we view the hostguest interaction as a synergistic

one.
Table 3. Association Constants for Binding of Various Pyrimidines to . .
Zn(DPD) (1) in Dichloromethane at 25C 9 Y Effects of Pacman Complexation on Excited-State Dy-

namics. With an understanding of the structure and energet-

ex10% /M cm™

! l
350 400 450 500 550 600
Al nm

guest Ka (M~ . . . .

- — ics of Pacman complexation in hand, we set out to investigate
2-aminopyrimidine 9.6(7x 107 he eff f bindi h ited d .
pyrimidine 4.0(2)x 10¢ the e ects_o gpest inding on_t e excite -s_tate ynamics
2-chloropyrimidine 6.2(1) 107 of the cofacial bisporphyrin motif. For comparison with free
2-bromopyrimidine 7.0(1x 1? _
5-aminopyrimidine 70(1x 10° host Zn(DPD) (1) and host-guest complex Z{DPD)(2

aminopyrimidine) 2), we also examined the compressed

ranging over 5 orders of magnitude. The results reveal the Pacman system Z(DPX) (3) and a baseline monomer

general trend that more basic pyrimidines associate moreZ"(OEP) @) (OEP=2,3,7,8,12,13,17,18-octaethylporphy-
strongly to host. It is interesting to note, however, that the "), @ well as a monomeric porphyrin bearing a single meso
association constants do not directly track with the acidity 7! 1ing Zn(PhEtio) §) (PhEtio= 5-(4-bromophenyl)-2,8,-
of the guest; for example, significant differences in binding 13,17-tetraethyl-3,7,12,18-tetramethylporphyrin) (Chart 1).
affinity (ca. 1400-fold) are observed for 2-aminopyrimidine ~ Figure 5 depicts transient absorption spectralfeb fol-
and its 5-isomer despite comparablé,values (3.5 for the  lowing a 3-ns excitation pulse at 532 nm. The zinc porphyrin
2-isomer, 2.8 for the 5-isomer). As displayed by the structure compounds display similar profiles. As observed previously
of 2, the 2-amino group is not within standard hydrogen- for their palladium analogue$,the key spectral features
bonding distance<3 A) of either the dibenzofuran bridge include a broad, prominent triplet excited-state absorption
oxygen (3.380 A) or the porphyrin nitrogens (3.398 A). These band and accompanying bleaching signals of the Soret and
observed metrics suggest that subtler cavity effects may playQ-bands. The energetic trends of these transient features track
a role in this hostguest stabilization. the corresponding ground-state electronic absorption spectra;
To test this assertion, density functional theory (DFT) the transient absorption maxima are collected in Table 4.
calculations were carried out to probe the origin of the sta- The shift in the transient absorption maximum of Zn(PhEtio)
bility of host—guest comple®. Surprisingly, Mulliken pop- ~ from 438 to 463 nm following a 200-ns delay and the
ulation analysis reveals the absence of significant overlap observation of biexponential decay kinetics suggest the
population along the internuclear axis of the 2-amino guest presence of two excited-state species. As observed for the
group and the dibenzofuran bridge oxygen, despite their Pd analogue$ this result is in accordance with Albinsson’s
proximity (3.380 A). Instead, considerable overlap is present “mother—daughter” relationshiy for two triplet excited
between the 2-aminopyrimidine nitrogen and the two proxi- states in which the “mother” signal arises from a porphyrin
mal meso carbons C(5) and C(25) directly connected to thein a planar geometry and the “daughter” signal arises from
spacer, as well as the adjacenpyrrolic carbons C(4), C(6),  a porphyrin macrocycle that exhibits a nonplanar distortion.
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Chart 1
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Figure 5. Transient absorption spectra of (a),dDPD) (1), (b) Zny(DPD)-
(2-aminopyrimidine) 2), (c) Zn(DPX) (3), (d) Zn(OEP) 4), and (e)
Zn(PhEtio) 6) following excitation by a 3-ns pulse at 532 nm. Spectra in
(a) are recorded at time intervals ofu§, spectra in (b), (c), and (d) are
recorded at time intervals of 565, and spectra in (e) are recorded at time
intervals of 200 ns.

The transient absorption spectra of the zinc porphyrins
decay on the microsecond time scale; the susceptibility of
these transient species to quenching be@nfirms the triplet

Zn(OEP) (4)

Zn(PhEtio) (5)

Table 4. Transient Absorption Maxima and Decay Lifetimes of Zinc
Porphyrins

A (nm) 7 (us)
Zny(DPD) (1) 443 21.4(12)
Zny(DPD)(2-ampyr) B) 451 227(8)
Zny(DPX) (3) 410 169(9)
Zn(OEP) @) 427 161(5)
Zn(PhEtio) 6) 438, 463 1.19(1), 0.0773(15)

character of the excited states under observation. The time-
resolved absorption decays are shown in Figure 6, and the
measured triplet lifetimes are collected in Table 4. The
general trend in the lifetimes of the zinc porphyrin mono-
mers and dimers closely mirrors their palladium congeffers.
The monoexponential excited-state decays of(IZRD)

(1) and Zn(DPX) (3) occur on markedly disparate time
scales, with Zn(OEP)4) exhibiting a long-lived excited
state resembling the DPX system; in contrast, the shortened
triplet lifetimes observed for the DPD compound and
Zn(PhEtio) 6) are a consequence of torsional motions
about their Giess—Caryibridge DONds that lead to nonplanar
distortions of the porphyrin macrocycle, which in turn
enhances nonradiative decay pathways. We believe that this
motion is suppressed in the DPX case; a compressed
porphyrin—porphyrin distance for the DPX scaffold likely
hinders rotation of macrocyclic subunits with respect to the
aryl bridge owing to the steric encumbrance arising from
the other proximate porphyrin. The most striking result from
these photophysical studies is the substantial increase in
the triplet excited-state lifetime for the hesjuest com-
plex Zn(DPD)(2-aminopyrimidine)4) over free host. This
finding confirms that substrate prebinding inside the co-
facial cavity serves to suppress the torsional librations that

(71) Andreasson, J.; Zetterqvist, H.; Kajanus, J.; Martensson, J.; Albinsson,
B. J. Phys. Chem. 2000 104, 9307-9314.
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an effective supramolecular strategy for enhancing the
excited-state properties of the cofacial bisporphyrin motif.
When the motions of porphyrin rotation upon photon ab-
sorption are controlled, the excited-state lifetime of the DPD
scaffold is extended by an order of magnitude over the
unbound Pacman construct. These results provide further
evidence that the broad reactivity of the DPD platform is
due to its ability to undergo a substantial Pacman rearrange-
ment along a single longitudinal coordinate upon ligation
while maintaining a cofacial presentation of porphyrin sub-
units to afford bimetallic reactivity and demonstrate that
dynamic hostguest chemistry can be applied toward tuning
excited-state properties. Efforts to exploit the Pacman effect

A0D,,,

- (d) for thermal and photochemical multielectron catalysis are
Q in progress.
S
o Experimental Section
1500 Materials. Solvents used for synthesis were of reagent grade or
. (@) better and were dried according to standard metfid&pectro-
& scopic experiments employed toluene or dichloromethane (spec-
Q troscopic grade, Burdick & Jackson), which were stored over 4 A
| 1 | : e —— molecular sieves. ZXDPD) (1) and Zn(DPX) (3) were available
0 1 2 3 4 5 from previous studie¥:*3All other reagents were used as received.
t/us Zn,(DPD)(2-aminopyrimidine) (2). Chloroform (10 mL) was
Figure 6. Transient absorption decays monitoredA&D maximum of addeq toa §0!|(:i_ mixture of Z(DPD) (1) (50 mg, 0.04 mmoD an(_j
(a) Zn(DPD) (1), (b) Zn(DPD)(2-aminopyrimidine)2), (c) Zna(DPX) (3), 2-aminopyrimidine (3.8 mg, 0.04 mmol). The resulting solution
(d) Zn(OEP) #), and (e) Zn(PhEtio)5) following excitation by a 3-ns was layered with hexanes (20 mL) and placed in a freezer2ét
pulse at 532 nm. °C for 2 days. A crop of ruby-red crystals was isolated by gravity

filtration, washed with cold hexanes ¢ 10 mL), and dried under
promote quenching of the triplet excited state of Pacman vacuum to furnish analytically pu(46 mg, 85% yield)!H NMR

motifs. (500 MHz, CDBCl,, 25°C): 0 9.63 (s, 4H, meso), 9.58 (s, 2H,
) meso), 8.74 (d, 2H, ArH), 7.94 (t, 2H, ArH), 7.88 (d, 2H, ArH),
Concluding Remarks 3.72-3.87 (m, 16H, CH), 3.30 (s, 12H, Ch), 2.43 (br s, 1H,

PymH), 2.32 (s, 12H, C, 1.58 (t, 12H, CH)), 1.51 (t, 12H, CH),
—0.73 (m, 2H, PymH)—3.70 (br s, 2H, NH). Anal. Calcd for
CgoHgiN1:0Zny: C, 71.53; H, 6.08; N, 11.47. Found: C, 71.16;

The Pacman effect allows the cofacial bisporphyrin motif
to create a suitable microenvironment for mediating dynamic
host-guest chemistry for catalysis. In particular, the DPD H. 6.03: N, 11.53.
archltgcture has ex_cepuonal \{ertlcal flexibility for a pillared General Details of X-ray Data Collection and Reduction.
cofacial system while preserving a face-to-face arrangementy_ray diffraction data were collected using a Siemens Circle 3
of macrocyclic subunits, a feature that is central to its ability diffractometer equipped with a charge-coupled device (CCD)
to mediate both multielectron reduction and oxidation detector. Measurements were carried out &6 °C using Mo Ko
chemistry. However, this structural attribute presents a (4 =0.710 73 A) radiation, which was wavelength selected with a
significant challenge for translating the reactivity of the DPD single-crystal graphite monochromator. Four sets of data were
platform to efficient excited-state catalysis; namely, the large collected usingo scans and a0.3° scan width. All calculations
torsional flexibility associated with its splayed structural Were performed using a PC workstation. The data frames were
motif has a detrimental effect on its excited-state lifetime. integrated tdklintensity, and final unit cells were calculated using
To address this issue, we have utilized the Pacman effect tothe SAINT v.4.050 program from Siemens. The.StrUCt”reS were

’ . . . solved and refined with the SHELXTL v.5.03 suite of programs
afford a novgl approach for.tunmg.the excﬁgd—state dynamics developed by G. M. Sheldrick and Siemens Industrial Automation,
of the cofacial bisporphyrin m9t|f. Specifically, we have Inc., 1995. Plots were drawn using XP.
elaborated the hosguest chemistry of Pacman platforms  x_ray structure of 2. A 0.28 mmx 0.42 mmx 0.50 mm ruby-
using zinc(1l) derivatives and basic nitrogen donors. Binding red crystal was obtained by slow diffusion of hexane into a
studies clearly demonstrate that the vertical Pacman flex- chloroform solution of the complex. The crystal was coated in
ibility of DPD is accompanied by a small conformational Paratone N and mounted onto a glass fiber. The structure was solved
energy, thus affording an effective pocket for substrate by direct methods in conjunction with standard difference Fourier
binding. When the bisporphyrin host is confined to a single techniques. Hydrogen atoms were placed in calculated positions
vertical degree of freedom, the entropic gain of DPD over using a standard riding model and were refined isotropically. Three
traditional bisporphyrin templates is observed to be roughly chloroform molecule_s were found_ln the crystal, and one of them
60 J mof! K% with negligible differences in enthalpy, was found to be disordered. This molecule was assigned half
leading to unprecedented binding affinities for the weakly (72) Armarego, W. L. F.. Perin, D. DPurification of Laboratory
basic pyrimidine substrate. Pacman complexation provides Chenmicals 4th ed.; Butterworth-Heinmann: Oxford, 1996.
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occupancy at two symmetry-equivalent positions. Restraints were  Computational Methods. Density functional theory (DFT)
applied to one solvent molecule by using the SADI command of calculations were carried out using the Amsterdam density func-
SHELXTL. The largest peak and hole in the difference map were tional progrant3-7> Gradient corrections were introduced using the
1.384 and—0.708 e A3, respectively. Becke exchange functional (B)and the Lee-Yang—Parr (LYP)
Physical Measurements!H NMR spectra were collected in  correlation functional? Relativistic corrections were included using
CDClz, CD,Cl,, or dg-toluene (Cambridge Isotope Laboratories) the scalar zero-order regular approximation (ZOR®F° Carbon,
at the MIT Department of Chemistry Instrumentation Facility hydrogen, and oxygen were described by a Slater type orbital
(DCIF) using either a Mercury 300 or an Inova 500 spectrometer. double< basis set augmented with one polarization function.
All chemical shifts are reported using the standérdotation in Nitrogen and zinc were described by a trigleasis set augmented
parts-per-million; positive chemical shifts are shifts to higher by two and one polarization functions, respectively. Non-hydrogen
frequency from the given reference. Mass spectral analyses wereatoms were assigned a relativistic frozen core potential, treating as
carried out at the MIT Department of Chemistry Instrumentation core the shells up to and including 2p for Zn and 1s for C, N, and
Facility and the University of lllinois Mass Spectrometry Labora- O. Electronic charges were computed by integrating the orthogo-
tory. Elemental analyses were performed at the University of lllinois nalized-fragment density over the Voronoi cell.
Microanalytical Laboratory.

Absorption spectra were obtained using a Cary-17 spectropho- . . . .
tometer modified by On-Line Instrument Systems (OLIS) to include National Science Foundation and the MIT/Merck Foundation

computer control, a Spectral Instruments 440 spectrophotometer,for Predoctoral fellowships. Z.-H.L. thanks the MIT Under-

or a Hewlett-Packard 8453 spectrophotometer equipped with a graduate Research Opportunities Program (UROP) for sup-

Hewlett-Packard 89090A Peltier temperature control accessory. Port and the National Science and Technology Board (Singa-

UV —visible titrations were carried out by the addition of small pore) for an undergraduate scholarship. The National Insti-

amounts of guest aliquots (i) into dilute solutions (ca. 1G M, tutes of Health (Grant GM 47274) and the National Science

2—3 mL) of porphyrin. Titrations were carried out in at least Foundation (Grant CHE-0132680) provided funding for this

triplicate. Association constant&/) were obtained from plots of  \york.

[G] against [G]JAA where [G]= concentration of guest antiA is

the difference in absorbance of the porphyrin host in the absence  Supporting Information Available:  X-ray crystallographic files

and presence of guest and were determined independently fromin CIF format. This material is available free of charge via the

data at three different wavelengths. Enthalpies and entropies for Internet at http:/pubs.acs.org.

ligation were determined by standard van't Hoff plots oKlp vs 1C034750W

1/T for six temperatures ranging from 283 to 333 K.
Samples for time-resolved spectroscopic measurements were(73) ADF2000.02 Vrije Universiteit Amsterdam: Amsterdam, The Neth-

ntained within an optical cell equi with Ivent reservoir erlands, 1999.
contained wit an optical cell equipped with a solvent reservo (74) Baerends, E. J.; Ellis, D. E.; Ros, @hem. Phys1973 2, 41-51.

and a Starna Cells, Inc. 1-cm path length clear fused-quartz cell. 75) Te velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra,
The two chambers are isolated from each other by a high-vacuum C.; Van Gisbergen, S. J. A.; Snijders, J. G.; ZieglerJTComput.
Teflon valve and from the environment with a second high-vacuum Chem.2001, 22, 931-967.

Teflon valve. Samples were dissolved in dichloromethane:(d}) g% E:gk% A Y?ﬁghﬁ'.%%rf égscgr?fs’ 3328_33115& 37 785-789

and the solution was degassed by four freg@emp—thaw cycles (78) van Lenthe, E.; Baerends, E. J.; Snijders, 1J.GCchem. Phys1993
(1 x 10°° Torr). Transient absorption spectra and excited-state 99, 4597-4610.

lifetimes of all porphyrins were measured on a nanosecond laser (79 B’agb:rr]‘ttﬂ‘;' E'h;e":{‘g'é‘éegg"‘;’gﬁég%aere”ds' E. J.; Snijders,|at.G.
system described previouslyThe excitation power impinging on  (go) van Lenthe, E.; Ehlers, A.; Baerends, EJ.JChem. Phys1999 110,

the sample was 8 mW. 8943-8953.
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