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Abstract: The syntheses, structures, and coordination chemistry of phosphole-containing hybrid calixphyrins
(P,N2,X-hybrid calixphyrins) and the catalytic activities of their transition-metal complexes are reported.
The 5,10-porphodimethene type 14x-P,(NH)2,X- and 165-P,N2,X-hybrid calixphyrins (X = O, S, NH) are
prepared via acid-promoted dehydrative condensation between a ¢*-phosphatripyrrane and the corre-
sponding 2,5-bis[hydroxy(phenyl)methyl]heteroles followed by DDQ oxidation. Both spectroscopic and
crystallographic data of the hybrid calixphyrins have revealed that the conformation and size of the
macrocyclic platforms as well as the oxidation state of the sw-conjugated pyrrole—heterole—pyrrole (N—
X—N) units vary considerably depending on the combination of heteroles. The ¢%-P,(NH),,S- and ¢3-P,N,,S-
hybrids react with Pd(OAc). and Pd(dba),, respectively, to afford the same Pd(ll)—P,N,,S-hybrid complex,
in which the calixphyrin platform is regarded as a dianionic ligand. In the complexation with [RhCI(CO),].
in dichloromethane, the ¢3-P,N,,S-hybrid behaves as a neutral ligand to afford an ionic Rh(l)—P,N,S-
hybrid complex, whereas the ¢3-P,N,,NH-hybrid behaves as an anionic ligand to produce Rh(lll)—P,Ng-
hybrid complexes. In the latter reaction, it is likely that a neutral Rh(l)—P,Ns-hybrid complex, generated as
a highly nucleophilic intermediate, undergoes C—CI bond activation of the solvent. The complexation of
AUCI(SMe,) with the ¢3-P,N,X-hybrids (X = S, NH) leads to the formation of the corresponding Au(l)—
monophosphine complexes. The spectral data and crystal structures of these metal complexes exhibit the
hemilabile nature of the phosphole-containing hybrid calixphyrin platforms derived from the flexible phosphole
unit and the redox active N—X—N units. The hybrid calixphyrin—palladium and —rhodium complexes catalyze
the Heck reaction and hydrosilylations, respectively, implying that the metal center in the core is capable
of activating the substrates under appropriate reaction conditions. The present results demonstrate the
potential utility of the phosphole-containing hybrid calixphyrins as a new class of macrocyclic P,Nz,X-mixed
donor ligands for designing highly reactive transition-metal complexes.

Introduction metal catalysts, as (1) the metal center can be supported and
stabilized by multidentate platforms, (2) various coordination
properties, such as coordination number, cavity size, and
o-donating andr-accepting abilities, are available by changing

e components of the heteroatom donors, and (3) conforma-
tional mobility of the ligands is controllable by suitable choice

The development of phosphorus-containing macrocyclic
mixed-donor ligands has emerged as an important subject |n
coordination chemistry, because they provide characteristic th
chelating sites that are difficult to construct with their acyclic
analogues:® Such hybrid macrocyclic donors are highly

promising for designing reactive and multifunctional transition-  (2) (a) Riker-Nappier, J.; Meek, D. W. Chem. Soc., Chem. Comma874

442—443. (b) Scanlon, L. G.; Tsao, Y.-Y.; Cummings, S. C.; Toman, K;
Meek, D. W.J. Am. Chem. Sod98Q 102 6849-6851. (c) Scanlon, L.

T G_raduate Schoo! of Engineering, Kyoto University. G.: Tsao, Y.-Y.; Toman, K.: Cummings, S. C.; Meek, D. Worg. Chem

* Rigaku Corporation. 1982 21, 1215-1221.

8 Institute for Integrated Cell-Material Sciences, Kyoto University. (3) (a) Kyba, E. P.; Hudson, C. W.; McPhaul, M. J.; John, AJVAmM. Chem.

(1) For reviews, see: (a) McAuliffe, C. A. IRomprehensie Coordination Soc 1977, 99, 8053-8054. (b) Kyba, E. P.; Chou, S.-S. R.Org. Chem

Chemistry Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.; 1981, 46, 860-863. (c) Kyba, E. P.; Davis, R. E.; Hudson, C. W.; John,
Pergamon: Oxford, England, 1987; Vol. 2, pp 99904. (b) Stelzer, O.; A. M.; Brown, S. B.; McPhaul, M. J.; Liu, L.-K.; Glover, A. CJ. Am.
Langhans, K.-P. InThe Chemistry of Organophosphorus Compounds Chem. Soc1981, 103 3868-3875. (d) Kyba, E. P.; Davis, R. E.; Fox, M.
Hartley, F. R., Ed.; Wiley: Chichester, U.K., 1990; Vol. 1, pp 2Z83. A.; Clubb, C. N.; Liu, S.-T.; Reitz, G. A.; Scheuler, V. J.; Kashyap, R. P.
(c) Caminade, A.-M.; Majoral, J. Ehem. Re. 1994 94, 1183-1213. (d) Inorg. Chem.1987, 26, 1647-1658.
Dilworth, J. R.; Wheatley, NCoord. Chem. Re 200Q 199, 89-158. (e) (4) Cabral, J. de O.; Cabral, M. F.; Drew, M. G. B.; Nelson, S. M.; Rodgers,
Mathey, F.Acc. Chem. Re®004 37, 954-960 and references therein. A. Inorg. Chim. Actal977, 25, L77—L79.
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of the bridging atoms/groups. Despite these promising aspects,pounds!? Indeed, a number of core-modified porphyrins,
however, transition-metal catalysts featuring phosphorus- especially those containing chalcogen or carbon atoms, have
containing hybrid macrocycles as supporting ligands have notbeen prepared, and their coordination chemistry has been
been explored much, owing to limited information on the extensively studied. In sharp contrast, no attempt had been made
relationship between their fundamental reactivities and their to prepare heteroatom-containing calixphyrins until receltly.
structural and electronic properties. Accordingly, the search for we anticipated that replacement of the pyrrole nitrogen atoms
a new series of hybrid macrocyclic donors is still the subject of of calixphyrin with other heteroatoms, namely replacing the
growing interest. pyrrole ring by other heteroles, would provide new classes of
Calixphyrins are a class of compounds that include multi- macrocyclic mixed-donor ligands with their coordinating prop-
dentate platforms derived from both porphyrins and calixpyrroles grties such as size, charge, and donating ability, being strongly
and lie at the intersection between these two parent macro-gependent on the relevant heteroatoms. Phosphole is known as
cycles’ However, the structural and electronic properties of 4 pasically nonaromatic heterole because of insufficieadn-
callxphynns are ur_1amb|guously _dlstmgws_hable from those of jugation between the cidienic z-system and a lone pair of
porphyrins and cgllxpyrrolgs._meg to the mvolveme_nt of b_oth the phosphorus atofd. Consequently, phospholes exhibit
sp- and sp-hybridized t?”dg'”g meso carbons, callxphyr|r!s_ characteristic-coordinating properties that differ significantly
possess reasonably flexible frameworks as well as rather r|g|dfrom those of pyrroles and have been utilized as reliable
m-conjugated networks, whose characters vary considerablyphosphine ligands in transition-metal cataly$tsVith this in

depending on the number and position of thé'?‘“*sc’ carbon . mind, we decided to systematically investigate the coordination
atoms. Recently, Sessler et al. have established convenient . s . . .
. . : chemistry of phosphole-containing hybrid calixphyrins and to

methods for the synthesis of a series of caljghyrins and . ! L : -

. . . . . shed light on the catalytic activities of their transition-metal
systematically investigated their structures and conformational 6-18

e : . . complexes:

mobilities in relation to calixfijpyrrole chemistry® Senge et al.

have independently developed their own approaches to this class — ) - )
(12) (a) Latos-Graghski, L. In The Porphyrin HandbogkKadish, K. M., Smith,

of compound§. Floriani et al. studied the structures of calix- K. M., Guilard, R., Eds.; Academic Press: San Diego, CA, 2000; Vol. 2,
[4]phyrin—early transition-metal complexé$and some other Chapter 14. (b) Chandrashekar, T. K.; VenkatramarAc. Chem. Res
. X 2003 36, 676-691. (c) Sessler, J. L.; Seidel, Bngew. Chem., Int. Ed
groups have reported fundamental properties and functional- 2003 42, 5134-5175. (d) Furuta, H.; Maeda, H.. Osuka, &hem.
ization of calixphyrins! However, the great potential of Commun 2002 1795-1804. (e) Srinivasan, A.; Furuta, tAcc. Chem.
. . phy . ", ’ 9 . P Res 2005 38, 10—20. (f) Chmielewski, P. J.; Latos-Grgski, L. Coord.
calixphyrin platforms in transition-metal catalysis has not been Chem. Re. 2005 249, 2510-2533. (g) StepienM.; Latos-Graghski, L.
Acc. Chem. Re2005 38, 88—-98. (h) Gupta, I.; Ravikanth MCoord.
addressed S_O_ far_' . . Chem. Re. 2006 250, 468-518, (i) Pawlicki, M.; Latos-Graghski, L.
Core-modification is a straightforward approach to add Chem. Rec2006 6, 64—78 and references therein.

N

Recently, the synthesis and structures of sulfur-containing phlorins were

. . . . B - _ (13
valuable coordinating properties into the porphyrinoid com reported Gupta, I.: Frich. R.. Ravikanth M.Chem. Commur2006

3726-3728.

(5) (a) Fryzuk, M. D.; Love, J. B.; Rettig, S. Chem. Commurl996 2783~ (14) (a) Quin, L. D.The Heterocyclic Chemistry of Phospharigiley: New
2784. (b) Fryzuk, M. D.; Love, J. B.; Rettig, S. J.; Young, V. &ience York, 1981. (b) Mathey, FChem. Re. 1988 88, 429-453. (c) Quin, L.
1997, 275, 1445-1447. (c) Muoz, J. A.; Escriche, L.; Casapd.; Peez- D. In Comprehensie Heterocyclic ChemistryKatritzky, A. R., Rees, C.
Jimenez, C.; Kiveka, R.; Sillanpa, R. Inorg. Chem1997, 36, 947—949. W., Scriven, E. F. V., Eds.; Elsevier: Oxford, 1996; Vol. 2. (d) Mathey,
(d) Fryzuk, M. D.; Love, J. B.; Rettig, S. Drganometallics1998 17, F.; Mercier, F.C. R. Acad. Sci. Paris, &ell b 1997 701-716. (e) Hay,
846-853. (e) Fryzuk, M. D.; Giesbrecht, G. R.; Rettig, Slnbrg. Chem C.; Hissler, M.; Fischmeister, C.; Rault-Berthelot, J.; Toupet, L.; Nyzila
1998 37, 6928-6934. (f) Fryzuk, M. D.; Johnson, S. A.; Rettig, S. J. L.; Reau, R.Chem. Eur. J2001, 7, 4222-4236. (f) Delaere, D.; Nguyen,
Organometallics1 999 18, 4059-4067. (g) Fryzuk, M. D.; Kozak, C. M.; M. T.; Vanquickenborne, L. GPhys. Chem. Chem. PhyZ002 4, 1522
Bowdridge, M. R.; Jin, W.; Tung, D.; Patrick, B. O.; Rettig, S. J. 1530. (g) Delaere, D.; Nguyen, M. T.; Vanquickenborne, L.JGPhys.
Organometallic2001, 20, 3752-3761. (h) Fryzuk, M. D.; Kozak, C. M; Chem. A2003 107, 838-846. (h) Hissler, M.; Dyer, P. W.; Rel, R.Coord.
Mehrkhodavandi, P.; Morello, L.; Patrick, B. O.; Rettig, SJ.JAm. Chem. Chem. Re. 2003 244, 1-44. (i) Mathey, FAngew. Chem., Int. EQ003
Soc 2002 124, 516-517. (i) Fryzuk, M. D.; Kozak, C. M.; Bowdridge, 42, 1578-1604. (j) Baumgartner, T.; Rel, R.Chem. Re. 2006 106,

M. R.; Patrick, B. O.; Rettig, S. J. Am. Chem. So2002 124, 8389— 4681-4727 and references therein; correctiafp7, 107, 303.
8397. (j) Fryzuk, M. D.; Kozak, C. M.; Bowdridge, M. R.; Patrick, B. O. (15) For example, see: (a) Wilkes, L. M.; Nelson, J. H.; McCusker, L. B.; Seff,
Organometallic2002 21, 5047-5054. K.; Mathey, F.Inorg. Chem1983 22, 2476-2485. (b) Choudary, B. M.;

(6) (a) Mutoz, J. A.; Escriche, L.; Casabd.; Peez-Jimimez, C.; Kiveka, R.; Reddy, N. P.; Jamil, M. ZPolyhedron1986 5, 911-912. (c) Neibecker,
Sillanp&@, R. Inorg. Chem.1997, 36, 947-949. (b) Escriche, L.; Mlog, D.; Reau, R.J. Mol. Catal 1989 57, 153-163. (d) Neibecker, D.; Ray,

J. A;; Rosell, J.; Kiveks, R.; Sillanpa, R. CasabpJ.Inorg. Chem1998 R.J. Mol. Catal 1989 53, 219-227. (e) Doherty, S.; Robins, E. G.; Knight,
37, 4807-4813. J. G.; Newman, C. R.; Rhodes, B.; Champkin, P. A.; Clegg, JV.

(7) The termcalixphyrinwas proposed by Sessler and co-workers to describe Organomet. Chen2001, 640, 182-196. (f) Sauthier, M.; Leca, F.; Toupet,
the family of porphomethene, porphodimethene, porphotrimethene, and their L.; Réau, R.Organometallic2002 21, 1591-1602. (g) Bergounhou, C.;
expanded analogues in a generic sensd, KraSessler, J. L.; Zimmerman, Neibecker, D.; Mathieu, ROrganometallics2003 22, 782-786. (h)

R. S.; Seidel, D.; Lynch, V.; Andrioletti, BAngew. Chem., Int. E200Q Thoumazet, C.; Melaimi, M.; Ricard, L.; Le Floch, B. R. Acad. Sci.,
39, 1055-1058. Ser. llc: Chim.2004 7, 823-832. (i) Melaimi, M.; Thoumazet, C.; Ricard,

(8) (a) Bucher, C.; Seidel, D.; Lynch, V.; KraV.; Sessler, J. LOrg. Lett L.; Le Floch, P.J. Organomet. Chen2004 689, 2988-2994. (j) Mora,
200Q 2, 3103-3106. (b) Bucher, C.; Zimmerman, R. S.; Lynch, V.;’Kra G.; van Zutphen, S.; Thoumazet, C.; Le Goff, X. F.; Ricard, L.;
V.; Sessler, J. LJ. Am. Chem. So@001, 123 2099-2100; correction, Grutzmacher, H.; Le Floch, Rrganometallic2006 25, 5528-5532. (k)
12744. (c) Sessler, J. L.; Zimmerman, R. S.; Bucher, C.il,Kvg; Thoumazet, C.; Gtamacher, H.; Deschamps, B.; Ricard, L.; Le Floch, P.
Andrioletti, B. Pure Appl. Chem2001, 73, 1041-1057. (d) Dolensky, B.; Eur. J. Inorg. Chem2006 3911-3922. () Mora, G.; Deschamps, B.; van
Kroulik, J.; Krd, V.; Sessler, J. L.; Dvdikova, H.; Bour, P.; Berhtkova, Zutphen, S.; Le Goff, X. F.; Ricard, L.; Le Floch, ®rganometallic2007,

M.; Bucher, C.; Lynch, V.J. Am. Chem. So@004 126, 13714-13722. 26, 1846-1855.

(9) (a) Senge, M. O.; Kalisch, W. W.; Bischoff, Chem. Eur. J200Q 6, (16) For the chemistry of phosphole-containing macrocycles, see: (a) Mathey,
2721-2738. (b) Senge, M. OAcc. Chem. Re005 38, 733-743. (c) F.; Mercier, F.; Nief, F.; Fischer, J.; Mitschler, A. Am. Chem. So¢982
Sergeeva, N. N.; Senge, M. Qetrahedron Lett2006 47, 6169-6172. 104, 2077-2079. (b) Bevierre, M.-O.; Mercier, F.; Ricard, L.; Mathey, F.

(10) (a) Benech, J.-M.; Bonomo, L.; Solari, E.; Scopelliti, R.; FlorianiAGgew. Angew. Chem., Int. EA99Q 29, 655-657. (c) Laporte, F.; Mercier, F.;
Chem., Int. Ed1999 38, 1957-1959. (b) Bonomo, L.; Toraman, G.; Solari, Ricard, L.; Mathey, FJ. Am. Chem. Socl994 116 3306-3311. (d)
E.; Scopelliti, R.; Floriani, COrganometallics1999 18, 5198-5200. Deschamps, E.; Ricard, L.; Mathey, & Chem. Soc., Chem. Commun
(11) For example, see: (a) Krattinger, B.; Callot, HTétrahedron Lett1998 1995 1561. (e) Mercier, F.; Laporte, F.; Ricard, L.; Mathey, F.; Sdero
39, 1165-1168. (b) Harmjanz, M.; Gill, H. S.; Scott, M. J. Org. Chem M.; Regitz, M. Angew. Chem., Int. Ed. Engl997, 36, 2364-2366. (f)
2001, 66, 5374-5383. (c) Berntkova M.; Andrioletti, B.; Krd, V.; Rose, Robg E.; Ortega, C.; Mikina, M.; Mikolajczyk, M.; Daran, J.-C.; Gouygou,
E.; Vaissermann, J. Org. Chem2004 69, 8140-8143. (d) Bucher, C; M. Organometallics2005 24, 5549-5559.
Devillers, C. H.; Moutet, J.-C.; ®aut, J.; Royal, G.; Saint-Aman, E.; (17) Recently, we reported the first examples of phosphole-containing hybrid
Thomas, FDalton Trans.2005 3620-3631. (e) O'Brien, A. Y.; McGann, calixpyrroles. Matano, Y.; Nakabuchi, T.; Miyajima, T.; Imahori, H.
J. P.; Geier, G. R, lllJ. Org. Chem2007, 72, 4084-4092. Organometallics2006 25, 3105-3107.
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Results and Discussion

I. Syntheses of Phosphole-Containing Hybrid Calixphy-
rins. Phosphole-containing hybrid calixphyrin8—6 were
synthesized starting frono*-phosphatripyrranel’” and the
corresponding 2,5-difunctionalized heterolgsas shown in
Scheme 1. Treatment of a GEl, solution containingl and
2,5-bis[hydroxy(phenyl)methyl]thiophen2%)22 with BFz-OEb
at room-temperature gave a mixture of condensation products,
which was then reacted with 2.2 equiv of 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) to afford th&P,(NH),S-hybrid

Figure 1 illustrates the macrocyclic skeletons of our target calixphyrin 3Sand theo-P,N,,S-hybrid calixphyrindSin 5%

molecules, 5,10-porphodimethene-tifehosphole-containing and 24% yield,_ _respectively. These two products were easily
hybrid calixphyrins, which are designed to provide different SeParated by silica gel column chromatography. On the basis

chelating modes derived from the heterole subunits combined.Of thhe oxidati.orj state of the-conjuga:]ed parGSis classified
That is, the hybrid ligands in Figure 1 contain a flexible ast §2e-OX|d|Z.ed product aﬂdi as the 4e-OXId|;ed product.
phosphole unit connected through thé-speso bridges and the That is,3Scontains the 14-conjugatedN—S—N unit, whereas

m-conjugated pyrrole heterole-pyrrole (N—X—N) unit linked 45 (_:ontains the 16-N-S—-N unit. It was indepgndently
by the spB-meso carbons. These structural properties are confirmed that3S can be converted S in good yield by

beneficial for the construction of new reactive transition metal ;:i?:lr;li‘ztav:goeéc:r?j2D5Dt()?i§[r\gzs;x;(,:r-lZf)gg)rf;?h)gll](g;rfglyel)-
catalysts. Thus, a flipping motion occurring at the phosphole ) ™~ !
part \)//vould generate F(j\pco%rdinatively unsat%rated m?atal (?enter,(zl\l)24 were used in plage s, the&'P'(NH,)Z’O'hyb”d 30
which can be indispensable for activating substrates. Further-a_nd theo4-P,|\|_2,NH-hybr|d4N were |sola_te_d in 19% and_30%
more, changing the combination of heterole rings at the yield, respectively. The MN_O_N_un't n the_ 2e-oxidized
N—X—N unit adds diverse electronic properties at theon- product30 could not be further oxu_jlged even in the presence
jugated backbone. Additionally, two possibienetworks, 14- pf excess DDQ, whereas no 2e-oxidized product was obtained
N—X—N and 16:-N—X—N, are conceivable, and, as a conse- " the synthesis OFN' . .
quence, four charge distributions from zero-t8 are attainable When heated with excess P(Nbjgin refluxing toluene, the
for X = O, S, NH at least in a formal sense. 0*-P,N, S-hybrid4Swas converted to the®-P,N,, S-hybrid6S
Here, we report the first comprehensive study on the In 87% yield. Similarly, thes*-phosphorus center i8O, 3S

syntheses, structures, and coordinating properties of a series oft"d4N was reduced efficit;ntly by P(NM, affording theo®-
phosphole-containing hybrid calixphyrins of the 5,10-por- P(NHEO-hybridS0, theo™-P,(NH),S-hybrid5S, and thes™-

147-N-X-N 167-N-X-N
X=0,8, NH

Figure 1. Macrocyclic skeletons of phosphole-containing hybrid calix-

phyrins.

phodimethene-P,(NH)X- and P,N,X-types (X= O, S, NH)20

It has been revealed that the electronic nature of the central

heteroleX strongly affects ther-conjugated structure of the
N—X—N unit (X = furan, thiophene, and pyrrole) in the
calixphyrin platforms. In the complexation with palladium,
rhodium, and gold, the hybrid calixphyrins exhibit diverse

P,Nx,NH-hybrid 6N, respectively, in 8£92% yields.

The above results indicate that the redox properties of the
sm-conjugatedN—X—N units in the hybrid calixphyrins are
definitely dependent on the nature of the central heteroles. To
know the intrinsic factors determining the 7/#46x (3X/4X)
selectivity, we evaluated the reaction energies of the DDQ

coordination behavior derived from the flexible phosphole unit oxidation of 14z-P,(NH),X-hybrid calixphyrin models3Xm

and the redox activel—X—N unit. Thus, the oxidation state,

to the corresponding 16P,N,,X-hybrid calixphyrin models

charge, and coordination number at the metal center, which have#Xm on the basis of density functional theory (DFT) calcula-

been fully characterized by NMR spectroscopy, X-ray crystal

. tions. The optimized structures are depicted in Figures S1 and

lography, and theoretical calculations, are deeply related to theS2 together with selected bond parameters. Further computa-

combination with the heterole ligands. Moreover, the—Pd
P,Np,X- and Rh-P,Np,X-hybrid complexes have proven to

tional details are summarized in the Experimental Section.
As shown in Scheme 2, the oxidation ®®m with DDQ is

catalyze the Heck reaction and hydrosilylations, respectively, & thermodynamically unfavorable process, as indicated by a large
under appropriate reaction conditions, demonstrating that the positive reaction energy of 9.2 kcal mél In sharp contrast,

phosphole-containing hybrid calixphyrins behave as hemilabil
and redox-active ligandd.It is of utmost interest that reciprocal
electronic communication between the metal andNkeXx —N

e the formation of4Nm from 3Nm with DDQ yields a large
negative reaction energy ef11.3 kcal mot?, suggesting that
oxidation of theN—N—N unit is thermodynamically favorable.

unit plays a crucial role in the bond-activation processes by these The reaction energy froBSm'DDQ to 4Sm/DDQH; is slightly

M—P,N,,X-hybrid complexes.

negative 1.8 kcal mot®), which indicates that both the &4

(18) Phosphole-containing porphyrins and a P-confused carbaporphyrinoid were (21) For the transition-metal coordination chemistry of hemilabile ligands, see:

reported recently. (a) Delaere, D.; Nguyen, M.Chem. Phys. LetR003
376, 329-337. (b) Matano, Y.; Nakabuchi, T.; Miyajima, T.; Imahori, H.;
Nakano, H.Org. Lett.2006 8, 5713-5716. (c) Duan, Z.; Clochard, M;
Donnadieu, B.; Mathey, F.; Tham, F. Srganometallic2007, 26, 3617~
3620.

(19) Based on the number and position of thé-cgrbons, calix[4]phyrins are

divided into four classes: porphomethenes, 5,10-porphodimethenes, 5,15-

porphodimethenes, and porphotrimethenes.

(20) For a preliminary result on the P,(NkB- and P, S-hybrid calixphyrins,
see: Matano, Y.; Miyajima, T.; Nakabuchi, T.; Imahori, H.; Ochi, N.;
Sakaki, SJ. Am. Chem. So@006 128 11760-11761.
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(a) Jeffrey, J. C.; Rauchfuss, T. Biorg. Chem 1979 18, 2658-2666.
(b) Allgeier, A. M.; Mirkin, C. A. Angew. Chem., Int. EA998 37, 894~
908. (c) Slone, C. S.; Weinberger, D. A.; Mirkin, C. A. Frogress in
Inorganic ChemistryKarlin, K. D., Ed.; Wiley: New York, 1999; Vol.
48, pp 233-350. (d) Braunstein, P.; Naud, Rngew. Chem., Int. EQ001,
40, 680-699. (e) Weng, Z.; Teo, S.; Hor, T. S. Acc. Chem. Re2007,
40, 676-684 and references therein.

(22) Ulman, A.; Manassen, J. Am. Chem. Sod 975 97, 6540-6544.

(23) Chmielewski, P. J.; Latos-Grgxski, L.; Olmstead, M. M.; Balch, A. L.
Chem. Eur. J1997, 3, 268-278.

(24) Heo, P.-Y.; Lee, C.-HBull. Korean Chem. Sod 996 17, 515-520.



Phosphole-Containing Hybrid Calixphyrins

ARTICLES

Scheme 1. Synthesis of Phosphole-Containing Hybrid Calixphyrins 3—6

9

P(NMey);
—> —_—
toluene
Ph Ph Ph Ph
3S(X=9S) 58S (X=9)
1) BFg+OEt, 30(X=0) 50 (X =0)
2) DD
OH OH ) bbQ
A X (7 (7
\_/
2S (X=9S)
20(X=0) . __P(NMed,
2N (X =NH) toluene
Ph Ph Ph Ph
4s (X=9) 6S (X=9)
4N (X = NH) 6N (X = NH)

Scheme 2. Reaction Energies Calculated for Oxidation of
147-P,(NH)2,X-Hybrid Calixphyrins with DDQ?

+ppa 26, + DDQH,
3Xm 4Xm
14x-P,(NH), X-Hybrid 16m-P,N,, X-Hybrid
X AE / kcal mol™!
(e} 9.2
S -1.8
NH -11.3

apDQ = 2,3-dichloro-5,6-dicyanobenzoquinone; DD&H 2,3-dichloro-
5,6-dicyanohydroquinone.

and 16t systems are isolable. These theoretical results are in
good agreement with the experimental results qualitatively. The
differences in reaction energies among=X0O, S, and NH are
reasonably interpreted in terms of the electrostatic interaction
of the NH groups with X in3Xm and the interaction of the N
lone pairs with X in4Xm.2526

Il. Characterization of Phosphole-Containing Hybrid
Calixphyrins. The hybrid calixphyrins3—6 were fully char-
acterized by conventional spectroscopic technigtigs!'tC, and
3P NMR and HRMS). Representative spectral featuresXof
(X =0, 9 and6X (X =S, N) are as follows. ThéP chemical
shifts of 5S (6 31.0 ppm) andS (6 26.7 ppm) are close to
those of50 (6 32.6 ppm) andN (0 24.0 ppm), respectively,

suggesting that changing the combination of heterole subunits

(25) In the case of X= O, stabilization attained by the-extension of the
N—O—N unit from 147 to 167 does not compensate for the large
destabilization caused by the loss of the attractive hydrogen-bonding
interaction in30m and the gain of the repulsive interaction among the
lone pairs at the core iiOm. In the case of X= NH, the highly strained
conformation owing to the repulsive interaction among the NH groups in
3Nmiis relaxed by dehydrogenative oxidation, and the attractive hydrogen-
bonding interaction arises between the lone pairs and the NH group in
4Nm. Totally, a large stabilization is gained by theextension of the
N—N-—N unit from 147 to 167. In the case of X= S, the loss of attractive
interaction in3Smand the gain of repulsive interaction #48mwould be
smaller as compared to those for the furan analogues.

The calculated relative stabilities may also be concerned with the oxidation
potentials of pyrrole, thiophene, and furan, which were reported 6@,
+1.6, and+1.85 V, respectively (vs. SCE). See: Tourillon, G.; Garnier,
F. J. Electroanal. Chem1982 135 173-178.

(26)

at theN—X—N part does not significantly affect the electronic
character of the phosphorus nuclei in the phosphole ring. In
theH NMR spectra (in CDG) of 50 and5S, the protons of
the conjugated heterole rings appeared &.49-6.02 ppm
(pyrrole3 of 50 and59), 6 5.83 ppm (furarg of 50), andéd
6.41 ppm (thiopheng-of 5S). On the other hand, the heterole-
ring S protons of6S and 6N were observed ab 6.56-6.64
ppm (2-azafluveng- of 6Sand6N), 6 6.60 ppm (thiopheng-
of 6S), ando 5.92 ppm (pyrrole3 of 6N). The difference in
chemical shifts of the heterofeprotons between the two series
of hybrids 5X and 6X reflects the difference in degree of
sm-conjugation between the #4N—X—N units and the 16-
N—X—=N units. The pyrrole NH protons O, 5S and 6N
appeared ab 8.94, 8.68, and 11.36 ppm, respectively.

The structures 050, 6S, and6N were further elucidated by
X-ray crystallography. The ORTEP diagrams are shown in
Figures 2-4, the crystallographic parameters are summarized
in Table S1, and selected distances, bond lengths, and dihedral
angles are listed in Table 1. Thesd403-P,(NH),0-hybrid50
is largely twisted at theN—O—N unit with dihedral angles
between the pyrrole and furan ring planes of 2629.4. The
equivalent appearance of the pyrr@igrotons of50 in its H
NMR spectrum (vide supra) suggests that fheO—N unit is
fluxional in solution. By contrast, the3-P,N,,S-hybrid6Sand
the 03-P,N;,NH-hybrid 6N are composed of almost flat 46
N—X—N planes X = S, N) with small dihedral angles of 1-9
10.27°. The observed conformation 6N differs considerably
from those of the 5,10-porphodimethene-type calix[4]phyrins
reported earlier, which exhibita nonplanar, twisted conforméitié.

This is attributable to the difference in size of the macrocyclic
platform; the present phosphole-containing hybrid calixphyrin
6N is apparently larger than that of the parent calix[4]phyrin.
In the hybrids6S and 6N, the phosphole ring stands almost
perpendicular to a mean plane formed by the four meso carbon
atoms with dihedral angles of 85.and 85.9, respectively.

The 14z-conjugated structure of thd—O—N unit and the
16m-conjugated structures of tié—S—N andN—N—N units
are clearly reflected in the carbewarbon/nitrogen bond
alternation at the heterole rings and the inter-ring bridges
(abbreviated ad—I in Table 1). It is known that the geometrical
aromaticity of the pyrrole ring is larger than that of the
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Figure 2. Top and side views &0 (50% probability ellipsoids). Hydrogen
atoms (except for NH) and solvents are omitted for clarity: gray (C), blue
(N), red (O), orange (P), sky blue (H¥c-p-c = 303.5.

Figure 3. Top and side views 08S (one of the pairing molecules; 50%
probability ellipsoids). Hydrogen atoms and solvents are omitted for
clarity: gray (C), blue (N), orange (P), yellow (SJe-p-c = 302.2 and
302.8.

2-azafulvene (2-methylend<2pyrrole) ring2’ Hence, the bond
alternation of the pyrrole ring is less significant as compared
to that of the 2-azafulvene ring. BO, the bond lengthsl( at
d—h differ only slightly (AL = 0.03 A), whereas the bond
lengths ati andk are longer by 0.070.11 A than those gt
andl. In 6Sand6N, the reverse bond alternation is observed.
Thus, the bond lengths ak f, andi are appreciably shorter
than the adjacent bond lengthseag, andj (AL = 0.08-0.17

A for 65, AL = 0.05-0.15 A for6N). These data are in good
accordance with the canonical structuresb@f, 6S, and 6N

(27) Cyrdrski, M. K.; Krygowski, T. M.; Wisiorowski, M.; van Eikema Hommes,
N. J. R.; Schleyer, P. von RAngew. Chem., Int. EA998 37, 177—180.
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Figure 4. Top and side views o8N (one of the pairing molecules; 30%
probability ellipsoids). Hydrogen atoms (except for NH) and solvents are
omitted for clarity. gray (C), blue (N), orange (P), sky blue (B3..p-c =
303.3 and 305.1.

e /10* M~'em™

400 600

Alnm

®,

e/ 10* M-Tem™

0 -
300

500
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Figure 5. UV-—vis absorption spectra of phosphole-containing hybrid
calixphyrins and their metal complexes. (a) bl6®; orange5S; red,6S
green,6N. (b) blue,70; red, 7S, purple,9; brown, 10; green,11.

600

illustrated in Scheme 1. The mesmeso distance at the
N—X—N unit (abbreviated ag 5.33 A) and the N-N distance
(4.82 A) of 6S are longer than the respective distance$f
(4.99-5.04 and 4.524.54 A), reflecting the difference in sizes
between thiophene and pyrrole rings. Although the sizes of
pyrrole and furan are comparable, the mes@so distance

of 50 is shorter by 0.160.21 A than that oBN, because of

the highly twisted conformation at thd—O—N unit in 50.

For all hybrid calixphyrins characterized, tiephenyl group

is located outside the macrocycle, probably due to steric reasons.
As a consequence, the lone pair of the phosphorus atom is
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Table 1. Selected Distances, Bond Lengths, and Dihedral Angles of Hybrid Calixphyrins

(a) a (b)
R
b b f
Ph Ph
c
hybrid 50 6S2 6N 70 78 10° 11¢ 13s4
M, N, X —,NH, O - N,S —, N, NH Pd, N, O Pd, N, S Rh, N, N Rh, N, N Au, N, S
(a) Mese-Meso Distances (A)
a 5.53 5.60 (5.60) 5.56 (5.55) 5.48 5.47 5.49 5.48 5.64
b 5.02 4.88 (4.88) 4.93 (4.93) 5.00 5.06 4.99 4.98 4.87
b’ 5.02 4.87 (4.88) 4.93 (4.92) 5.08 5.07 5.00 5.03 4.82
c 4.83 5.33 (5.33) 5.04 (4.99) 4.80 5.02 4.88 4.87 5.32
(b) Bond Lengths and Distances (&)
dd 1.38 1.31(1.30) 1.33(1.33) 1.39 1.38 1.34 1.35 1.31
g€ 1.38 1.46 (1.47) 1.47 (1.48) 1.39 1.39 1.43 1.43 1.46
f f 1.41 1.35(1.34) 1.36 (1.36) 1.40 1.39 1.36 1.36 1.35
g.d 1.38 1.45 (1.46) 1.46 (1.46) 1.39 1.39 1.42 1.43 1.45
h, b’ 1.38 1.42 (1.41) 1.41(1.42) 1.40 1.41 1.42 1.42 1.41
ii' 1.45 1.37 (1.36) 1.37 (1.37) 1.45 1.45 1.37 1.38 1.36
i 1.36 1.45 (1.45) 1.44 (1.42) 1.35 1.36 1.43 1.40 1.45
k, K 1.43 1.38(1.38) 1.41(1.41) 1.43 1.45 1.42 1.43 1.38
| 1.34 1.40 (1.40) 1.37 (1.36) 1.35 1.35 1.36 1.36 1.40
N---N 459 4.82(4.82) 4.52 (4.54) 4.08 4.15 4.16 4.15 4.88
p---X 4.19 4.17 (4.30) 4.75 (4.85) 4.24 4.45 4.26 4.29 4.27
(c) Dihedral Angles (ded)

A—B 29.4 3.2(6.2) 1.9(3.3) 25.3 40.5 19.0 14.0 9.8
A'—B 26.9 2.5(10.1) 1.9 (8.0) 9.6 11.0 13.3 15.9 245

aData in parentheses are those of pairing molectllbtl. , = RhCI(CH,CI). ¢ ML, = RhCk. ¢ ML, = AuCl. € The average values betwegmndy' are
listed §/ denotesd—k). f Dihedral angles between the mean plaA¢a’ andB.

oriented inside the core, and different types of macrocyclic

coordination sites consisting of P, N, O, and S donors are

constructed.

The phosphole-containing hybrid calixphyriBs-6 are air-
stable, orange or purple solids, and are soluble in many organic
solvents including CHGJ CH,Cl,, THF, and toluene. As shown
in Figure 5a, the UV-vis absorption spectra &and6 in CH,-

Cl, display broad absorption bands duettes*

Pd(OAC),

CHCl—
MeOH

CH,Cl,
transitions at

around 406-600 nm. The 16-conjugated hybridéS and 6N
showed the absorptions at longer wavelengths as compared to

those of the 1#-conjugated hybrid§S and 50
shape 06Sis slightly different from that oBN,

the character of the vibronic states of tRe-X—N moiety is
affected by the nature of the central heteroles.

. The spectral

implying that

MeOH

IIl. Complexation of Phosphole-Containing Hybrid Calix-
phyrins. To obtain fundamental information on the coordinating
properties of the phosphole-containing hybrid calixphyrins, we

examined the complexation reactions&®, 5S 6S and 6N
with palladium, rhodium, and gold (Schemes®, and the

whole results are summarized in Scheme 6.

A. Palladium Complexes Treatment of the 1#—o3-P,-
(NH)2,S-hybrid5S with Pd(OAc) in CH,Cl,—MeOH at room
temperature afforded PNb-hybrid calixphyrin-palladium
complex7Sas an air-stable, purple solid in 93% yield. Notably,

the reaction of the 16-0°-P,N,,S-hybrid6Swith

= dibenzylideneacetone) produced the same compig€xjn

Pd(dba),

Pd(OAc),
—_—
CHCl- Y

\N-'-F‘:d-"-N/

\N"'F’:d-“'N/

Scheme 3. Synthesis of Hybrid Calixphyrin—Palladium Complexes

P
= VPh

P
=YPh

is, the electron transfer between thheonjugatedN—S—N unit
and the palladium center occurs in the complexation, when

thermodynamically possible (vide infra). The&-P,(NH),O-

Pd(dba) (dba

hybrid 50 also reacted with Pd(OAgat room temperature to

give the P,N,O-hybrid calixphyrin-palladium complex’O as

a purple solid in 72% yield. In the U¥Vvis absorption spectra

in CH.Cly, both70 and7Sshowed broad absorptions at around

500-600 nm (Figure 5b).
In theH NMR spectrum of7O in CDCls, the pyrroles and

92% vyield (Scheme 3). These results indicate that the hybrid furan{3 protons were observed at5.40-6.60 ppm as signifi-
calixphyrins behave as redox-active macrocyclic ligands. That cantly broadened peaks, implying that the conformational
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Scheme 4. Synthesis of Hybrid Calixphyrin—Rhodium Complexes

[RhCI(CO),]o
CH20|2, rt

[RhCI(CO)]»
base (excess)

———
CH,Cly, r.t.

10 (Y = CH,C))
11 (Y = Cl)

Scheme 5. Synthesis of Hybrid Calixphyrin—Gold Complexes

Figure 6. Top and side views o6fO (50% probability ellipsoids). Hydrogen
atoms and a solvent molecule are omitted for clarity: gray (C), blue (N),
red (O), orange (P), purple (Pd). Selected bond lengths (A) and bond angles
(deg): Pd-P, 2.1459(7); PeN(1), 2.035(2); Pe-N(2), 2.050(2); Pe&-O,
2.1098(17); N+Pd—P, 85.74(6); N+-Pd—0, 89.94(7); N2-Pd-P, 93.70-

AuCl(SMe,)
—_—
CHyCly, T.t.

BN R (6); N2—-Pd-0, 91.40(7) Zc_p ¢ = 316.8.

Scheme 6. Summary of Complexation Reactions of
Phosphole-Containing Hybrid Calixphyrins

Pd(ll)

147-P,(NH),,0-hybrid ——— » 145-P,N,0-Pd(ll)
50 70
~Pd(Il)
147-P,(NH),,S-hybrid —— = 147-P,N,,S-Pd(ll)
55 7S
Pd(0)
——— > 147-P,Np,S-Pd(l)
Rh(l) 78
161-P,Np,S-hybrid ———— > 16x-P,N,,S-Rh(l)
6S Au(l)
="+ 167-P,Ny,S-Au(l)
138
Rh(l)
—— = 167-P,Na-Rh(lll)
. _hvbrid — 10, 11
16%-P Np NH-ybrid — 0,
6N L~ 162-P,Ny,NH-Au(l)
13N

mobility at the N—O—N unit is restrained. In DMSQ@k,
however,70 showed relatively sharp peaks due to the respective
B protons atd 5.96 and 5.53 ppm. Th#H NMR spectrum of
7Sin CDCl; showed the pyrrol¢ protons atd 6.10 and 6.22
ppm and the thiophengprotons ab 6.34 ppm, which are close y
to the corresponding chemical shifts®® rather than those of  Figure 7. Top and side views oS (50% probability ellipsoids). Hydrogen

6S The3P NMR peaks 07O and7Sin CDCl; were observed atomls ﬁ(llfaed)omsitt?d fO(fj Ckl)aritél:| gra};\ (C()A)blued(Nb), czjrangel (P)(,dyelgvP(dS),
- . - purple . Selected bond lengths and bond angles (deg):
ato 60.5 and 47.0 ppm, respectively. A large difference in the 2.2135(8): P-N(1), 2.079(2); Pe-N(2), 2.066(3): Pe-S. 2.2667(8): N&-

3P chemical shifts may be relevant to the different trans pg-p, 95.21(7); N+Pd-S, 92.93(6); N2Pd—P, 85.75(7); N2Pd-S,
influence from the chalcogen atoms of the central heterole rings 85.77(7).Zc-p-c = 319.4.
in the N—X—N units.

The structures of7O and 7S were elucidated by X-ray  resembles that observed for the free aSeAs listed in Table
crystallographic analyses (Table S1 in Supporting Information 1, the dihedral angles between the pyrrole and furan rings as
and Figures 6 and 7). In each complex, the palladium center iswell as the mesemeso distances ofO are comparable or
coordinated by the phosphorus, two nitrogen, and sulfur/oxygen somewhat smaller than the respective values5@f The
atoms at the core to adopt a square planar geometrypg- - complex7Sadopts a similar conformation, where tRe-S—N
= ca. 360). The twisted N—O—N conformation of 70 unit is not on the same plane. As the pyrrole rings are
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Table 2. NAO Occupancies of d Orbitals for Model Complexes?
70m (X = O) 80 (X =0) 9m 10m (X = CI; Y = CICHy)
7Sm (X =9S) 85 (X =9) 12m (no X,Y)
NAO occupancies
70m 80 7Sm 8S 9m 10m 12m
Cyy 1.963 1.975 1.960 1.976 1.928 1.964 1.938
dy; 1.975 1.995 1.976 1.994 1.924 1.949 1.899
dzx 1.944 1.963 1.963 1.967 1.916 1.925 1.783
Oe—y2 1.183 1.191 1.233 1.235 0.943 1.030 0.905
dz 1.929 1.955 1.935 1.960 1.820 1.241 1.885

aFor directions ofx, y, z axes, see Figures S4 and S6 in the Supporting Information.

significantly tilted from the thiophene mean plane with dihedral
angles of 11.640.5, the mese-meso distancea—c of 7S
differ considerably from those of the free ba&&®

In complexes7O and 7S, the phosphole ring leans toward

The electrochemical measurements made this point more
concisely and unequivocally. As shown in Figure S3, the
electrochemical oxidation processes&and7Swere observed
as similar reversible waves in their cyclic voltammograms (in

the inside for binding the palladium. As a result, dihedral angles CH,Cl, using 0.1 Mn-BusNPFs as an electrolyte). The first
between the phosphole ring and a mean plane formed by theand second oxidation potential&qf1 and Eox2 Vs FeCp%/

four meso carbon atoms (48.fr 70 and 50.9 for 7S become

FeCp*%'; Cp* = CsMes) determined by differential pulse

more acute in comparison with those of the corresponding free voltammetry (DPV) aret-0.34 ancH-0.54 V for5Sand+0.23

bases (64.0for 50 and 85.2 for 6S). To keep the square planar
geometry at the palladium center in the B 3¢hybrid core, the
sulfur atom in7Sis deviated from the thiophene mean plane
by 0.13 A. The N:-N distances of7O (4.08 A) and7S (4.15

A) are shorter by 0.510.67 A than those 050 (4.59 A) and

and +0.34 V for 7S respectively. Both of the oxidation
processes ofS occurred at the more positive potentials than
those of5S indicating that theN—S—N unit in the Pd complex
7S is oxidized more easily than that in the free b&® In
contrast to5S and 7S, the o3-P,N,,S-hybrid 6S did not show

6S(4.82 A), because two covalent bonds are formed betweenany oxidation processes in the same regie0.87 to ca+0.6
the palladium and the two nitrogen atoms in these palladium V vs Ag/Ag"; 0.0 to ca.+0.97 V vs FeCp3/FeCp%").

complexes. It is evident that the calixphyrin platform varies its
shape flexibly to provide the most suitable coordination
environment for the central metal. The Pd bond lengths
[2.066(2)-2.079(2) A] and the PdP bond length [2.2135(8)
A] of 7S are slightly longer than those @O [Pd—N, 2.035-
(2)—2.050(2) A; Pa-P, 2.1459(7) A], reflecting the difference
in core sizes of their hybrid ligands. The PN bond lengths
of 70 and7Sare somewhat longer than the typical values (2.012
+ 0.018 A) observed for Pd-coordinated porphyrin-type mac-
rocycles?®

As mentioned above, the carbeoarbon/nitrogen bond
alternation at theN—X—N units X = O, S) is a good probe
for evaluating the oxidation state at thaiconjugated systems.
In the complexe§ O and7S the difference in bond lengths at
d—h is very small AL = 0.01-0.03 A), suggesting high
aromaticity at the pyrrole rings. By contrast, the bond lengths
ati andk are longer by 0.080.1 A than those a} and|,
implying that the double bond charactej andl is much larger
than that of the adjacent carbeoarbon bonds. These data are
indicative of noticeable contribution by the canonical structures
70 and7S, in which the formal oxidation states of Pd and the
P,N;,X-hybrid ligands are considered to be2 and —2,
respectively. Thus, the contribution by another canonical
structures7fO’ and 7S seems to be very little, if any.

(28) Liu, D.; Ferrence, G. M.; Lash, T. D. Org. Chem2004 69, 6079-6093
and references therein.

Therefore, we can safely conclude that teS—N unit in 7S
possesses a Fdcharacter like that ibS.

To get more insight into the formal oxidation state of the
palladium center ifO and7S, we carried out DFT calculations
on complexeZXm and8X (X = O, S), which were adopted
as models fof7X and Pd(ll) references, respectively (Table 2
and Figure S4). Except for hydrogen, the geometriegxrh
were taken to be the same as the experimentally characterized
geometries of7X, while the positions of the hydrogen atoms
of 7Xm were optimized by the molecular mechanics with a
universal force field (UFF}? The geometries oBX were
optimized with the DFT method.

As shown in Table 2, the natural atomic orbital (NAO)
occupancie® of thed, 2 orbitals were calculated to be 1.183e
for 70m and 1.233e foi7Sm, which are almost the same as
the corresponding values of the Pd(Il) reference compo86ds
(1.191e) andBS (1.235€) (see Figure S4 for coordinate system
of these complexes}. Also, the LUMO of 7Xm consists of
thede- 2 orbital similar to that 08X, where ther* orbital of
the phosphole moiety somewhat mixes into the LUMO probably
because ther* orbital is in the same symmetry as tlig- 2

(29) RappeA. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., llI; Skiff,
W. M. J. Am. Chem. S0d992 114 10024-10035.

(30) Reed, A. E.; Curtis, L. A.; Weinhold, Ehem. Re. 1988 88, 899-926
and references therein.

(31) As we recalculated the NAO occupanciest@8mand8Susing a different
basis set, the values listed in Table 2 are slightly different from those
reported in ref 20.
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orbital and at a higher energy than the LUMO (Figure S4). The
other four d orbitals are involved in the occupied molecular
orbitals of both7Xm and 8X. These results strongly support
the fact that the palladium center #X takes a+2 oxidation
state in a formal sense and that the X—N units possess the
14r-conjugated structure, as were suggested by X-ray crystal-
lography and electrochemical measurements. Thus, the@®,N
and P,N,S-hybrid calixphyrin platforms behave as tetradentate,
dianionic ligands in the respective palladium complex@sand

7S. It must be emphasized again that the Pd(Il) compgigxs
formed exclusively by the reaction betwe68 and Pd(dba)

This result indicates that the palladium is oxidized from O to
+2 by the 16r-conjugatedN—S—N unit of 6Sin the complex-
ation. Such reactivity can be reasonably explained by consider- .
ing the ideal number of d electrons at the metal center in stable, {Q"@\e {(t\i

square planar palladium complexes.

B. Rhodium Complexes Next, we examined the complex-
ation of6Sand6N with a rhodium(l) salt (Scheme 4). Treatment
of the ¢3-P,Np, S-hybrid 6S with a half equiv of [RhCI(CO,

(1 equiv for Rh) in CHCI, at room temperature afforded the
Rh—P,N,,S-hybrid complex as a purple solid in 87% yield.
The Rh complex9 is sparingly soluble in diethyl ether and g
shows a much loweRs value ¢-0) on silica-gel TLC as Figure 8. Top and side views df0 (50% probability ellipsoids). Hydrogen
compared to thatR ~ 0.5) observed for the Pd compl&s atoms and a solvent molecule are omitted for clarity: gray (C/S)\' blue (N),
under the same co_nditions (eluted vv_ith hexane/EtOAc, 4/_1). The g:%rreg: (ézg)?rgsgy(g gbfg(rf;; g?;1’21.1182e.|8%3(g);blo?rllrdNI;ngﬁﬁsz&)); aRf bond
MS spectrum of displayed a strong ion peakatz 774, which N3, 2.081(4); RR-Cl1, 2.4584(12); Rk C, 2.073(4); Nt+-Rh—P, 93.48-
corresponds to the [M- CI]* ion. Presumably, the chlorine  (10); N1-Rh—N2, 91.78(15); N3-Rh—P, 84.39(11); N3-Rh—N2, 90.77-
atom in9 is loosely bound to the rhodium if at all. Thus, it (15 CI1-Rh=C, 173.44(13)Xcp-c = 313.2.

could be an ionic complex. In th&P NMR spectrum oB, a
characteristic doublet peak was observed 0.6 ppm with a
81p103Rh coupling constant of 171 Hz, implying that the formal
oxidation state of the rhodium centeriid 32 This was supported
by the theoretical calculations on a cationic model complax

in which the NAO occupancy of thde- 2 orbital is much
smaller than those of the other four d orbitals (Table 2 and
Figure S6a). Unlike the complexation with Pd(dhajhe
reduction of the 16-N—S—N unit does not occur, and the
calixphyrin platform in 9 seems to behave as a neutral, lengths [2.062(4)2.082(4) A for10and 2'068_(4')2'082(4) A
tetradentate PAS-ligand. for 11] are at the long end of the range of typical \{alues (200

In sharp contrast t6S, the o3-P,N,,NH-hybrid 6N showed 2.08 A) rg:ported .for Rh(lll)-coordmated.porphyrln-type mac-
an unexpected reactivity. Upon adding a £C# solution of rocyclgs? The axial chloromethyl group ihOis located at the
EtzN to a mixture of6N and [RhCI(CO)],, the color of the opposite side to the P-phenyl group with a-RE bond length
solution changed instantaneously from red to blue, affording of 2.073(4) A and a €Rh—Cl bond angI(_a of 173.44(13)The
the rhodium(lll) complexLO as a deep blue solid in 79% yield. Rh—Cl bond length 0fL0[2.4584(12) A] is appreciably I_onger
When K.CO, was used in place of B, 10 was formed in than those.otLl[2.3.527(l3) and 2.3490(13) A], reflecting the
32% yield together with a similar amount of the rhodium(lll) difference in trans influence between the chloromethyl group

complex1L In the3%P NMR spectra ol0and11, a diagnostic in 10 and the chlorine atom ifil. The bond alternation at the

doublet peak was observed @t67.3 ppm {Jp_gn = 98 Hz) N—N—N units O_f 1_0_and 11 Wh.iCh.iS similar to thaF ObN,
and 62.6 ppm¥e_rn = 92 Hz), respectively, supporting the EPresents a significant contribution of thestéonjugated

thodium +3 oxidation state. In théH NMR spectrum ofL0 structure. Therefore, the PsMybrid calixphyrin platform in
the rhodium-bound methylene protons were observed’ as these complexes is regarded as a monoanionic, tetradentgte P,N

pseudotriplet ab 3.48 ppm {Jp—rn = 3J4-p = 3.0 Hz). As ligand. o

shown in Figure 5b, the Rh(lll) complexd® and 11 showed The above results demonstrate that the reactivity at the

broad absorptions at 68050 nm in CHCl,. The absorption rhodium center coordinated by the phosphole-containing hybrid

maxima observed fot0 (692 nm) andl1 (684 nm) are red- calixphyrins can be vgried largely by c.hanging thg central

shifted by 145-153 nm as compared to that observed for the Neterole ) of thez-conjugatedN—X—N unit. Itis most likely

Rh(l) complex9 (539 nm)’ .Indlcatmg that the OXIdatlc.)rl state (33) For example, see: (a) Fleischer, E. B.; Lavallee JDAm. Chem. Soc

of the rhodium center considerably affects thesx* transitions 1967, 83, 7132-7133. (b) Hanson, L. K.; Goutelzmank, M.; Hansoln, Jic.
_x_ ite i i i Am. Chem. Socl973 95, 4822-4829. (c) T , A.; Syal, S. K,;

of the N—X—N units in the calixphyrin platforms. S?sada,e\r(ﬁ; Or?lura, T.; Ogoshi, H.; Yos(ﬁi)da,azgdr:]ig érystallo{;ar 1976

B32 62-65. (d) Latos-Gragski, L.; Lisowski, J.; Olmstead, M. M.; Balch,
(32) Brown, T. H.; Green, P. J. Am. Chem. Sod97Q 92, 2359-2362. A. L. Inorg. Chem 1989 28, 3328-3331.

The structures 010 and11 were successfully elucidated by
X-ray crystallography. As shown in Figures 8 and S5, the
rhodium center in each complex adopts a distorted octahedral
geometry with the macrocyclic PsNblatform at the equatorial
sites, wherein th&l—N—N units are not on the same plane to
avoid steric congestion at the core. The two 2-azafluvene rings
are twisted from the central pyrrole ring with dihedral angles
of 13.3-19.C for 10 and 14.6-15.9 for 11. The Rh-N bond
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that a neutral Rh(l) compleX2 is initially generated from the
P,Nz,NH-hybrid 6N, [RhCI(CO}],, and a base. Thus, the Rh-
(1) complex 10 would be formed via oxidative addition of the
C—CI bond of dichloromethane onto the Rh(l) centerlia
However, all attempts to isolate2 using other solvents have
been unsuccessful, probably because of its extremely high
reactivity. To evaluate a driving force for this step, DFT
calculations were performed on model complek@siand12m

(for details, see Supporting Information). As shown in Scheme
S1, 10m is formed from 12m and CHCl, with a large
stabilization energy of 18.5 kcal md| suggesting that the-aCl
bond activation of dichloromethane iy is a thermodynami-
cally favorable process. The NAO occupancies of d orbitals of
the model complexe$0m and 12m represent that the formal
oxidation states of their rhodium centers a8 and +1,
respectively (Table 2 and Figure S6b,c).

It is well-known that the & CI bond of chloroalkanes is
activated at the nucleophilic Rh(l) center supported by electron-
rich N, P, and/or S donoi. The previously reported €Cl
bond activation of dichloromethane by Rh(I) complexes bearing
neutral P,N- and Ns-ligands takes about &4 h to complete
the reactior?4c—¢ In marked contrast, the formation &6 from
6N was completavithin a few secondat room temperatur®.

In this context, the P,Nhybrid calixphyrin monoanion provides
a remarkably high nucleophilicity at the rhodium(l) center
coordinated in the core.

C. Gold Complexes In the complexation with AuCI(SM#,
both 6S and 6N behaved as monophosphine ligands to yield
the corresponding Au(f)phosphole complexe$3S and 13N
in 83 and 85% yield, respectively (Scheme 5). BiHe NMR
spectra ofl3Sand 13N in CDCl; showed singlet peaks at
58.0 and 58.1 ppm, respectively. In théit NMR spectra, the
S protons derived from th&l—X—N units ¢ 6.55-6.70 ppm
for 135 6 5.97-6.69 ppm forl3N) and the pyrrole NH proton

Figure 9. Top and side views d3S(50% probability ellipsoids). Hydrogen
atoms are omitted for clarity: gray (C), blue (N), orange (P), yellow (S),
green (Cl), purple (Au). Selected bond lengths (A) and bond angles (deg):
Au—P, 2.2319(9); AuCl, 2.2932(9); P-Au—Cl, 177.52(3).2c-p-c =
307.T.

that observed fo8S (Table 1), which well explains thé NMR
observations.

IV. Catalytic Activities of Phosphole-Containing Hybrid
Calixphyrin —Metal Complexes To shed light on the catalytic
activities of the phosphole-containing hybrid calixphyrmetal
complexes, we examined typical Pd- and Rh-catalyzed organic
transformations usin@O, 7S, and 6X/[RhCI(CO)], (X = S,

N) as catalysts. At the resting state, the metal center is tightly
coordinated by the four heteroatoms at the core in the calix-
phyrin platform. If the metal center is dissociated partially from

of 13N (6 11.41 ppm) were observed at almost the same regionsthe macrocyclic donors by a flipping motion, however, a

as those of the corresponding free ba®8and6N, supporting
the fact that theN—X—N units are not involved in the
coordination sphere at the gold center.

The structure of13S was further determined by X-ray
crystallography. As depicted in Figure 9, the gold center is
coordinated by the phosphorus atom with-aA bond length
of 2.2319(9) A and a PAu—Cl bond angle of 177.52(3)
which are close to the corresponding values reported for Au-
()—phosphole (monophosphine) compleXe©wing to this
coordination, the phosphole ring is perpendicular to a mean
plane formed by the four meso carbons. The carbearbon/
nitrogen bond alternation at the #8N—S—N unit as well as
the mese-meso and N-N distances ofl3Sis very close to

(34) For example, see: (a) Collman, J. P.; Murphy, D. W.; DolcettiJ.GAm.
Chem. Soc1973 95, 2687-2689. (b) Marder, T. B.; Fultz, W. C;
Calabrese, J. C.; Harlow, R. L.; Milstein, D.Chem. Soc., Chem. Commun
1987, 1543-1545. (c) Nishiyama, H.; Horihata, M.; Hirai, T.; Wakamatsu,
S.; Itoh, K. Organometallics1991, 10, 2706-2708. (d) Haarman, H. F.;
Ernsting, J. M.; Kranenburg, M.; Kooijman, H.; Veldman, N.; Spek, A.
L.; van Leeuwen, P. W. N. M.; Vrieze, KOrganometallics1997, 16, 887—
900. (e) Koshevoy, I. O.; Tunik, S. P.; Bo&. J.; Lough, A.; Pursiainen,
J.; Pirilg P. Organometallics2004 23, 2641-2650. (f) Germoni, A.;
Deschamps, B.; Ricard, L.; Mercier, F.; Mathey,JFOrganomet. Chem
2005 690 1133-1139. (g) Sharp, P. R. l8omprehensie Organometallic
Chemistry 1| Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds,;
Pergamon: Oxford, England, 1995; Vol. 8, pp 132 and references
therein.

(35) When the complexation betwe6N and [RhCI(CO)], was carried out in
toluene, the Rh(lll) complex1 was obtained in ca. 30% yield.

coordinatively unsaturated, reactive metal center may be gener-
ated. It was therefore anticipated that the phosphole-containing
hybrid calixphyrins would behave as hemilabile BNmixed
donor ligands for transition metals under appropriate reaction
conditions. More importantly, it was expected that changing the
combination of theN—X—N unit would give rise to diverse
reactivities at the metal center, because the charge and the
o-donating andr-accepting abilities of the heteroatom donors
vary significantly as mentioned in the Introduction.

A. Palladium Catalysts for Coupling Reactions The
hemilability of the hybrid calixphyrin platforms was examined
by variable-temperature (VT) NMR measurements on the Pd
P,Np,X-hybrid complexesO and7S. When heated at 125C
in DMSO-Us, the pyrroleg and furang protons of70 were
slightly shifted and broadened as compared to those observed
at 25°C (Figure S7a). When cooled down to room temperature,
the relatively sharp peaks due to the resting state7Of
reappeared. A similar temperature-dependence of the NMR

(36) (a) Attar, S.; Bearden, W. H.; Alcock, N. W.; Alyea, E. C.; Nelson, J. H.
Inorg. Chem 199Q 29, 425-433. Au-P, 2.220(9}-2.227(2) A; P-Au—
Cl, 172.4(1)-178.8(1). (b) Su, H.-C.; Fadhel, O.; Yang, C.-J.; Cho, T.-
Y.; Fave, C.; Hissler, M.; Wu, C.-C.; &, R.J. Am. Chem. So2006
128 983-995. Au-P, 2.2290(16)2.2300(16) A; P-Au—Cl, 171.64(7)
174.63(8j. (c) Dienes, Y.; Eggenstein, M.; Neumann, T.; Englert, U.;
Baumgartner, TDalton Trans.2006 1424-1433. Au-P, 2.2249(12) ,&;
P—Au—Cl, 177.26(4).
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(a) Scheme 7. A Proposed Redox-Coupled Oxidative Addition
Mechanism for the P,N2,X-Hybrid Calixphyrin—Palladium
P-Ph, meso-Ph thiophene-B Complexes

— pyrrole-g

Pd"-147-N-X-N Pd®-16m-N-X-N Pd"-167-N-X-N

takes place to generate vacant coordination sites at the metal
center, accompanied by the reduction of the palladium from
S 60 +2 to its zero valent state and the oxidation of the X—N
8/ppm unit from 147 to 167. Namely, two electrons that are necessary
(b) to oxidatively cleave the carberhalogen bond are provided
by theN—X—N unit through the coordinated palladium center.
P-Ph, mesoPh 4 ophene-p Such a bond-activating methodology is of interest from a

pyrrole-p mechanistic point of view, as it highlights the characteristic
A I —‘ll x» 75°C properties of the hybrid calixphyrin platforms as hemilabile and
redox-active ligands.
‘ « 959G To verify the above hypothesis, we examined the Heck
reaction (Mizoroki-Heck reaction) ofp-bromobenzaldehyde

. with n-butyl acrylate inN,N-dimethylacetamide at 10 using
115°C the palladium complexegO and 7S as catalysts (eq 9. As
J/\L expected, the coupling reaction proceeded at 100in the

T T presence of 0.1 mol% afO or 7Sto afford the Heck product

70 &/ ppm 6.0 in 68—98% vyields (turnover numbers 680—980 after 24 Hy
Figure 10. Variable-temperaturéH NMR spectra of7Sin DMSO-dg: (a) without the deposition of observable quantities of palladium
in the absence gi-iodonitrobenzene; (b) in the presencepeibdonitroben- black. The Pe-P,Ny,S-hybrid complex’Scatalyzed the reaction
zene. Asterisks«) indicate a residual peak of GHI.. more rapidly than the PeP,Np,S-hybrid complex’O, although

the differences in the observed rate constants are small. The
present Heck reaction seems to operate through a commonly
admitted Pd(0)yPd(ll) catalytic cycle?? which might involve

the proposed redox-coupled oxidative addition step.

spectra was observed faiS in DMA-dy (Figure S7b). The
coordination environment ifiX (X = O, S) becomes dynamic
at high temperatures, which may allow for partial dissociation

of the heteroatom donors and for coordinative interaction of oHG

the face-up palladium center with the solvefits. OHC 7X (0.1mol%)

In the VT NMR spectra of a DMS@ solution containing + o NaOAc | Q )
7Sand excesp-iodonitrobenzene at 11%, we could not assign 27" DMA, 100 °C
the heteroles protons because of their significant broadening Br CO.Bu
(Figure 10b). This is in sharp contrast to the result observed 70 37% (12 h): 68% (24 h)
for the iodide-free solution ofSat the same temperature, which 7S 61% (12 h); 98% (24 h)

displays distinct peaks due to tffeprotons atd 5.8—6.3 ppm
(Figure 10a). When the iodide-containing solution was cooled B. Rhodium Catalysts for Hydrosilylation. We next
down to room temperature, the peaks due7® appeared examined the Rh-catalyzed hydrosilylations of a ketone and an
reversibly. These findings suggested to us that the iodoareneacetylene using the RHP,N,,X-hybrid calixphyrin complexes
interacts with the palladium center #5 at elevated tempera-  generated fron6X/[RhCI(CO)], (X = S, N). Treatment of
tures. acetophenone with B8iH, in the presence of 0.5/0.25 mol %
Although there is no direct experimental evidence regarding of 6N/[RhCI(CO)]. in THF for 6 h atroom temperature
aryl—palladium(ll}-halide species at preseéfitye expected that ~ afforded 1-phenylethanol in 91% yield after hydrolysis (eq 2).
the Pd-P,N,,X-hybrid complexes could activate the carbon ~ When6Swas used in place @N, the rate of hydrosilylation
halogen bond by a redox-coupled oxidative addition mechanism, - : — -
as is illustrated in Scheme®?Thus, under appropriate reaction (40 R oo e o e e o e e P oy reemt

conditions, dissociation of the furan/thiophene and pyrrole rings decompose at high temperatures (ex.,~120 °C) to liberate soluble
“ligand-free” palladium colloids or nanoparticles. To avoid this uncertainty,
the present Heck reactions were conducted at°@@a) Beletskaya, I. P;
(37) Slow exchange may occur between two coordination states, in which the Cheprakov, A. V.J. Organomet. Chen2004 689, 4055-4082. (b) de

pyrrole ligands are bound to the palladium non-equivalently. Vries, J. G.Dalton Trans.2006 421-429. (c) Phan, N. T. S.; van der
(38) We are planning to perform theoretical study on the oxidative addition of Sluys, M.; Jones, C. WAdv. Synth. Catal2006 348 609-679. (d) Weck,

a phenyl halide to P,)\X-hybrid complexes in detail, to clarify the nature M.; Jones, C. WInorg. Chem 2007, 46, 1865-1875.

of the active species. (41) In our preliminary communication (ref 20), we reported the results on the
(39) Recently, Heyduk and co-workers reported the redox-based bond-making same Heck reaction conducted at T8 which gave the turnover number

and bond-breaking reactions using a zirconium(lV) redox-active ligand (2,4- of 9700 after 4 h.

di-tert-butyl-6-tert-butylamidophenolate) complex. See: (a) Blackmore, K.  (42) For example, see: (a) Heck, R.A&cc. Chem. Red 979 12, 146-151.

J.; Ziller, J. W.; Heyduk, A. Flnorg. Chem 2005 44, 5559-5561. (b) (b) Crisp, G. T.Chem. Soc. Re1998 27, 427-436. (c) Beletskaya, I. P.;

Haneline, M. R.; Heyduk, A. FJ. Am. Chem. So2006 128 8410- Cheprakov, A. V.Chem. Re. 200Q 100, 3009-3066. (d) Amatore, C.;

8411. Jutand, A.Acc. Chem. Re00Q 33, 314-321.
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was accelerated dramatically (87% yield after 0.5*®lthough been elucidated that the core size¢conjugated structure, and
we cannot define the exact nature of the intermediate, the conformation of the calixphyrin platform vary widely depending
electronic character at the rhodium center in 8¥[RhCI- on the exquisite combination of heterole subunits in the redox

(CO),], systems may be reflected in their catalytic activitits.  activezz-conjugatedN—X—N framework. It is of interest that
Note that the catalytic activity observed f@rgenerated from the 147-P,(NH),X- and 16t-P,Ny,X-hybrid ligands exhibit
6Sand [RhCI(COJ],, is as efficient as those reported for highly  different coordinating properties in the complexation with
active rhodium catalysts bearing neutral, multidentage*Rc palladium, rhodium, and gold. It is also important to note that
or P,X-mixed donor ligands (%, N, S)% the hybrid calixphyrir-palladium and—rhodium complexes
The high catalytic activity o6X/[RhCI(CO)], (X = S, N) catalyze the Heck reaction and hydrosilylations, respectively,
was also attained in the hydrosilylation of phenylacetylene with with high efficiency. To our knowledge, these are the first
PhMeSiH, which resulted in the formation of a mixture of catalytic processes occurring at the palladium or rhodium center
styrylsilanes (eq 3). It has been proposed thatZHestereo- coordinated by macrocyclic, tetradentate FX:Nmixed donor
selectivity of S-silylstyrenes is a good index to evaluate the ligands. The present results demonstrate the potential utility of
electronic character at the rhodium(l) center. Namely, the the phosphole-containing hybrid calixphyrins as highly promis-
hydrosilylation of terminal alkynes catalyzed by neutral rhodium ing hemilabile macrocyclic ligands for the construction of
complexes displays high selectivity, whereas that catalyzed efficient transition-metal catalysts. As the number of combina-

by cationic rhodium complexes exhibits highselectivity46.47 tion of heterocycles is unlimited, there is ample room for the
As listed in eq 3, a higiZ/E selectivity (97/3) as well as a high  synthesis and coordination chemistry of core-modified, hybrid
PBla selectivity (98/2) was achieved in the reaction w&N, calixphyrins.

implying that the RkR-P,Ns-hybrid catalyst operates as a totally

neutral Rh complex. On the other hand, a I selectivity Experimental Section

(63/37) was observed for the reaction us@f) suggesting that
the rhodium center in the RHP,N,,S-hybrid catalyst possesses

a cationic character in some extent (vide supra). In both catalyst
systems, th&/E ratios were constant during the reaction.

Density Functional Theory (DFT) Calculations on Model Com-
plexes In the DFT calculations, the B3LYP functiori&aivas used for
the exchange-correlation term and two kinds of basis set systems were
employed. The smaller system (BS1) was used for geometry optimiza-
tion. In BS1, core electrons of Pd (up to 3d) and Rh (up to 3d) were

GX/[RhC'(COO)Zb replaced with effective core potentials (ECES)and its valence
Ph\n’Me + Ph,SiH, (0.5/0.25mol%) HClag Ph\(Me ) electrons were represented with (311111/22111/411) and (311111/
0 THF, rt. OH 22111/411) basis setdrespectively. For H, C, N, O, P, S, and Cl,
6N(Bh) 91% 6-31G(dj° basis sets were employed where the diffuse functions were
6S(0.5h) 87% added to N and Cl atoms. The better basis set system (BS2) was used
for evaluation of the energy change and natural atomic orbital (NAO)
. 6X/[RhCI(CO)l, SiMe,Ph H occupar_lcieé‘? In BS2, (311111/22111/411/11) and (31111;/22111/411/
Ph—=— (1/0.5mol%) Ph Ph\%\ 11) basis sef8°! were employed for Pd and Rh, respectively, where
+ - H + ~H© the same ECPs as those of BS1 were employed for core electrons. For
PhMe,SiH  THF. It 24 H SiMePh H,C,N, O, P, S, and Cl, 6-311G{)asis sets were employed where
6N 97% (ZIE = 97/3) 2% the diffuse functions were added to N and Cl atoms. Zero-point energy
6S 79% (ZIE=63/37)  18% was evaluated with the DFT/BS1 method, under the assumption of a
harmonic oscillator. The Gaussian 03 program packagas used in
Conclusions all these calculations and the MOLEKEL progrdmas employed to

) ) ) draw pictures of molecular orbital.

We havg systematlcal!y investigated the s.yntheses, structures, X-ray Crystallographic Analysis. All measurements were made
and coordinating properties of 5,10-porphodimethene-type phOS'on a Rigaku Saturn CCD area detector with graphite monochromated
phole-containing hybrid calixphyrins for the first time. It has Mo Ko radiation or a Rigaku RAXIS RAPID imaging plate area

o - . ot ; P bvorod hich detector with graphite monochromated Cu Kadiation. The selected
(43) wa; O _ft'gmﬁgosu%tstf;t‘g’a;cgtggﬁen%i ; a¥t‘érr°h§’§rta|¥,“si's°_ crystallographic data are summarized in Table S1. The structures were

(44) 1t was reported that cationic rhodium complexes catalyze the asymmetric solved by direct methods (SIR $or 50, 6S, and70; SIR 976 for
hydrosilylation of ketones more efficiently than the less cationic counterparts
in terms of both reactivity and selectivity. (a) Hayashi, T.; Yamamoto, K;

Kasuga, K.; Omizu, H.; Kumada, M. Organomet. Chem1976 113 127~ (48) (a) Becke, A. DPhys Re. A 1988 38, 3098-3100. (b) Becke, A. DJ.

137. (b) Nishiyama, H.; Kondo, M.; Nakamura, T.; Itoh,Btganometallics Chem. Phys1993 98, 5648-5652. (c) Lee, C.; Yang, W.; Parr, R. G.

1991, 10, 500-508. (c) Nishiyama, H.; Yamaguchi, S.; Kondo, M.; Itoh, Phys. Re. B 1988 37, 785-789.

K. J. Org. Chem1992 57, 4306-4309. (49) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preus§hHéor. Chim.
(45) (a) Nishibayashi, Y.; Segawa, K.; Ohe, K.; UemuraO8ganometallics Acta 199Q 77, 123—-141.

1995 14, 5486-5487. (b) Tao, B.; Fu, G. AAngew. Chem., Int. E@002 (50) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem Phys 1972 56,

41, 3892-3894. (c) Evans, D. A.; Michael, F. E.; Tedrow, J. S.; Campos, 2257-2261. (b) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S;

K. R.J. Am. Chem. So@003 125 3534-3543. (d) Riant, O.; Mostefai, Gordon, M. S.; DeFrees, D. J.; Pople, JJAChem. Physl982 77, 3654

N.; Courmarcel, JSynthesi2004 2943-2958 and references therein. 3665.

(46) Ojima and co-workers interpreted tH#E selectivity by considering (51) Martin, J. M. L.; Sundermann, Al. Chem. Phys2001, 114, 3408-3420.
zwitterionic rhodium-carbenoid intermediates. For example, see: (a) (52) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Physl98Q

)
)

C16. (b) Ojima, I.; Clos, N.; Donovan, R. J.; Ingallina,®xganometallics (53) Pople, J. A,; et alGaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003.
)

Qjima, I.; Kumagai, M.; Nagai, YJ. Organomet. Chenl974 66, C14— 72, 650-654.

199Q 9, 3127-3133. (54) Flikiger, P.; Luhi, H. P.; Portann, S.; Weber, MOLEKEL, v4.3 for
(47) (a) Doyle, M. P.; High, K. G.; Nesloney, C. L.; Clayton, T. W., Jr.; Lin, Scientific ComputingVlanno, Switzerland, 20662002. Portman, S.; lthi,

J. Organometallics1991, 10, 1225-1226. (b) Takeuchi, R.; Nitta, S.; H. P.CHIMIA 200Q 54, 766—770.

Watanabe, DJ. Org. Chem1995 60, 3045-3051. (c) Mori, A.; Takahisa, (55) SIR92: Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,

E.; Kajiro, H.; Hirabayashi, K.; Nishihara, Y.; Hiyama, Them. Lett1998 M.; Polidori, G.; Camalli, M.J. Appl. Cryst 1994 27, 435.

443-444. (d) Faller, J. W.; D'Alliessi, D. GOrganometallics2002 21, (56) SIR97: Altomare, A.; Burla, M.; Camalli, M.; Cascarano, G.; Giacovazzo,

1743-1746. (e) Zeng, J. Y.; Hsieh, M.-H.; Lee, H. Nl.Organomet. Chem C.; Guagliardi, A.; Moliterni, A.; Polidori, G.; Spagna, B. Appl. Cryst

2005 690, 5662-5671. 1999 32, 115-119.
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1335 SHELXS-977 for 6N and11) and heavy-atom Patterson meth§ds
(for 10), respectively, and expanded using Fourier technigUksthe
refinement of6N, some non-hydrogen atoms were refined anisotropi-
cally, while the rest were refined isotropically. In the refinement of
other compounds, non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were refined using the rigid model. All calculations
were performed using CrystalStructfftecrystallographic software
package except for refinement, which was performed using SHELXL-
9757 Considerably larg® values and low precisions of the bond lengths
relevant to light atoms 06N might be due to a poor quality of the

mL, 3 mmol) was added to the flask at 160, and the resulting mixture
was stirred at the same temperature. The consumptiprbodmoben-
zaldehyde was monitored by GC, and the yield of the Heck product
was determined by comparison with the internal standard.
Hydrosilylation of Acetophenone Using 6N/[RhCI(CO}].. The
hybrid 6N (9.8 mg, 0.015 mmol) and [RhCI(C&) (2.9 mg, 0.0075
mmol) were placed in a Schlenk flask, which was then degassed and
purged with N repeatedly. A mixture of acetophenone (350 mL, 3.0
mmol), diphenylsilane (840 mL, 4.5 mmol), and THF (4.5 mL) was
added to the flask, and the resulting mixture was stirred at room

crystal used. Reflections of poor internal consistency were rejected attemperature. The consumption of the ketone was monitored by TLC.
the last stage of refinement, so that the completeness of the measured\fter 6 h, the reaction mixture was hydrolyzed (3% HCI/MeOH), and

reflections was reduced to 0.976. The crystal§ 8and6N consist of
a pair of two independent molecules, one of which is depicted for each

the yield of 1-phenylethanol was determined'byNMR (91%). When
the hybrid6Swas used in place &N, the ketone was consumed within

compound in Figures 3 and 4. The distances, bond lengths, and dihedra30 min to afford the alcohol in 87% yield.

angles are listed in Table 1. The CIF files&$and7Swere uploaded
as the Supporting Information files in our preliminary communication
(ref 20).
VT NMR Measurements. Compound/X (3 umol) was dissolved
in DMSO-ds or DMA-ds (ca. 0.6 mL), and the solution was transferred
into a sealable NMR tube that was well dried. In the case of the
measurement of the iodide-containing solution, a mixturéSyB xmol)
andp-iodonitrobenzene (&@mol) was dissolved in DMS@s (ca. 0.6
mL). After four freeze-pump-thaw cycles using a vacuum line, the
tube was evacuated and sealed. The samples were meastireNbyR
(400 MHz) spectrometer equipped with a temperature-control unit.
Heck Reaction of Bromoarenes. Typical Procedurep-Bromoben-
zaldehyde (460 mg, 2.5 mmol), anhydrous sodium acetate (250 mg),
and the Pd complexX (2.5 umol) were placed in a Schlenk flask
equipped with a reflux condenser. After repeated degassing, triethyl-
eneglycol dimethyl ether (5QiL, internal standard for GC) and
N,N-dimetylacetamide (2,5 mL) were injectestButyl acrylate (0.43

(57) Sheldrick, G. MSHELXS-97/SHELXL-9University of Gdtingen: Ger-
many, 1997.

(58) PATTY: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.;
Garcia-Granda, S.; Gould, R. O.; Smit, J. M. M.; Smykalla, C. The DIRDIF
program system. Technical Report of the Crystallography Laboratory;
University of Nijmegen: Nijmegen, The Netherlands, 1992.

(59) DIRDIF99: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W.
P.; deGelder, R.; Israel, R.; Smits, J. M. M. The DIRDIF program system.
Technical Report of the Crystallography Laboratory; University of Nijmegen,
Nijmegen, The Netherlands, 1999.

(60) CrystalStructure 3.8.0: Crystal Structure Analysis Packa@eaku and
Rigaku/MSC: The Woodlands, TX, 2006@006.
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Hydrosilylation of Phenylacetylene Using 6X/[RhCI(CO}],. The
hybrid 6X (0.010 mmol) and [RhCI(CQ), (1.9 mg, 0.0050 mmol)
were placed in a Schlenk flask, which was then degassed and purged
with N, repeatedly. A mixture of phenylacetylene (110 mL, 1.0 mmol),
dimethyphenylsilane (230 mL, 1.5 mmol), and THF (1.5 mL) was added
to the flask, and the resulting mixture was stirred at room temperature.
The progress of the reaction was monitored by TLC. After 24 h, the
acetylene was consumed completely, and the reaction mixture was
analyzed by'H NMR spectroscopy. The three reaction produftg;,

p-E-, ando-styrenes, were characterized by comparison with authentic
specimen. The yields and relative ratios are listed in eq 3.
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