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products have thus far prevented isolation of the material as a 
pure solid. Addition of acetic acid generates the known diacetate15 

and 2 equiv of arene. 
A more tractable organo derivative was prepared by reaction 

of the dichloride with LiCH2SiMe3; the resulting cw-dialkyl 5 was 
isolated in quantitative yield and has been fully characterized.9 

Although crystalline 5 is very air-sensitive, it can be stored at room 
temperature in a fluorescent-lit, nitrogen-filled drybox for many 
months. Benzene solutions exposed to fluorescent room lighting 
for several hours decompose to a myriad of products, as indicated 
by proton NMR spectroscopy. Once again, ligands coordinated 
to the (OEP)Zr moiety are heavily shielded in the proton NMR 
spectrum. Singlets at S -4.18 (4 H) and 6 -1.80 (18 H) correspond 
to the methylene and trimethylsilyl groups, respectively. The cis 
structure indicated by the appearance of diastereotopic methylenes 
for the OEP ligand has been confirmed in the solid state by X-ray 
crystallography (Figure I).16 

The Zr-C bond distances (2.285 (4), 2.289 (4) A) are identical, 
within experimental error, to those in Cp2Zr(CH2SiMe3)2,

17 and 
C-Si distances and Zr-C-Si angles are unexceptional. Evidence 
for the increased steric demand of the OEP ligand versus the Cp2 
moiety may be inferred from the C(37)-Zr-C(41) angle, which 
is significantly more acute than the corresponding parameter in 
Cp2Zr(CH2SiMe3)2 [82.7 (I)0 and 97.8 (I)0, respectively]. The 
plane defined by the four nitrogens is exact, although the porphyrin 
ligand as a whole is both domed and ruffled. The Zr lies 0.93 
A above the N4 plane and appears to sit closer to one side of the 
ring, such that Zr-N distances range from 2.236 (3) and 2.232 
(3) A on one side to 2.250 (3) and 2.248 (3) A on the other. Note, 
however, that these differences are small and may not be sig
nificant given the esd's involved. 

Treatment of benzene solutions of 5 with excess carbon mon
oxide or 2,6-xylyl isocyanide led to rapid, complex reactions from 
which no pure products have yet been isolated. Protonolysis with 
acetic acid rapidly forms the diacetate and tetramethylsilane in 
high yield. Reaction of 5 with hydrogen (1 atm, 20 0C) produces 
2 equiv of tetramethylsilane and a dark green paramagnetic so
lution, the nature of which is still under investigation.18 Com
pound 5 was unreactive toward ethylene (2 atm) over 24 h at room 
temperature; however, when hydrogen (2 atm) was added to these 
solutions, a smooth hydrogenation occurred over several hours to 
produce 8-10 equiv of ethane per mole of Zr. NMR spectra taken 
during this period were highly informative, revealing the formation 
of two ethyl-containing metalloporphyrins 6 and 7.9 Proton 
chemical shifts for the zirconium-bound ethyl groups are similar 
to those found in related rrans-diethyl metalloporphyrins.10-19'20 

NMR spectra of the deuterated analogues 6-d and l-d2 are similar 
except that the ZrCH2CH2D groups each give rise to two sets of 
triplets. Monitoring the course of the hydrogenation showed that 
all three compounds (5-7) were present at an early stage, but that 
the concentration of the diethyl 7 grew as 5 and 6 were consumed. 
Over the course of several hours at room temperature, the diethyl 
complex 7 decomposed and ethane production ceased. 

Hydrogenation of propene under similar conditions proceeds 
via the n-propyl derivatives 8 and 9.9 We found no spectroscopic 

(15) Buchler, J. W.; Eikelmann, G.; Puppe, L.; Rohbock, K.; Schneehage, 
H. H.; Week, D. Liebigs Ann. Chem. 1971, 745, 135. 

(16) Crystal data for 5: ZrSi2N4C44HM, space group PlJn with a = 
13.011 (1), b = 18.052 (2), c = 19.163 (2) A, 0 = 98.68 (1)°, V= 4449 (2) 
A3, Scaled = 1.19 g cm"3, and Z = 4. Data were collected on a Enraf-Nonius 
CAD-4 at -88 0C with Mo Ka (X = 0.71073 A). A 20 range from 3 to 45° 
gave 5784 unique data. The structure was solved by Patterson methods and 
refined by least squares and Fourier techniques using 461 variables against 
4246 data, for which F2 > 3 0(F2X to give R •> 3.36%, Rw = 3.74%, and GOF 
= 1.366. For all 5784 data, R = 5.61%. The crystal structure was determined 
by Dr. F. J. Hollander, staff crystallographer at the U. C. Berkeley Crys
tallography Facility (CHEXRAY). 

(17) Jeffrey, J.; Lappert, M. F.; Luong-Thi, N. T.; Webb, M.; Atwood, 
J. L.; Hunter, W. E. J. Chem. Soc, Dalton Trans. 1981, 1593. 

(18) A broad singlet centered around g = 2.00 was observed by ESR at 
293 K; this signal was not resolved further on cooling to 77 K. 

(19) Balch, A. L.; Cornman, C. R.; Olmstead, M. M. J. Am. Chem. Soc. 
1990, 112, 2963. 

(20) Guilard, R.; Kadish, K. M. Chem. Rev. 1988, 88, 1121. 

evidence for the participation of species resulting from Markow-
nikov addition. The presumed hydride intermediates in these 
hydrogenation reactions were not detected spectroscopically; 
presumably, the rate of olefin insertion was rapid compared to 
that for Zr-C bond hydrogenolysis.21,22 
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Reactions of metal carbonyls with alkyne derivatives are known 
to give a wide variety of organometallic and organic products.1"4 

It has been shown that Mo(CO)6 or (diglyme)Mo(CO)3 reacts 
with diphenylacetylene to yield hexaphenylbenzene and several 
molybdenum tetraphenylcyclobutadiene complexes.5 In contrast, 
the analogous reaction with either W(CO)6 or W(CO)3(NCCH3)3 
only leads to the formation of tris(alkyne) complexes of the type 
W(RC=CRO3(CO).6 It appears that the W(RC=CR')3(CO) 
stoichiometry is particularly stable, as suggested by theoretical 
analyses.7,8 Thus, further reaction with alkynes is likely to be 
retarded. We wish to report that under harsh conditions, however, 
W(PhC=CPh)3(CO) will couple with diphenylacetylene, forming 
a cyclobutadiene complex. 

W(PhC=CPh)3(CO)63 (200 mg, 0.26 mmol) and diphenyl
acetylene (135 mg, 0.76 mmol) were mixed and sealed in a glass 

+ Author to whom inquiries concerning the X-ray crystallographic work 
should be addressed. 
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(3) Greene, R. L.; Street, G. B. Science 1984, 226, 651. 
(4) Otsuka, S.; Nakamura, A. Adv. Organomet. Chem. 1976, 14, 245. 
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Potenza, J. A.; Johnson, R. J.; Chirico, R.; Efraty, A. Inorg. Chem. 1977,16, 
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P. S.; Farona, M. F. Inorg. Nucl. Chem. Lett. 1976, 12, 623. 
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Figure 1. Molecular structure of W(^-C4Ph4)(PhOsCPh)2(CO) with 
hydrogen atoms artificially omitted. 

tube under vacuum (0.1 mmHg). The tube was heated to 120 
0C, at which temperature diphenylacetylene melted, forming a 
dark-red solution immediately. After 25 min, the tube was cooled 
to room temperature and opened in air. The residue was applied 
to TLC and eluted with n-hexane/dichloromethane (3:1 v/v). 
Crystallization of the material forming the orange-red band from 
n-hexane yielded air-stable, red crystals of W(ij4-C4Ph4) (PhC= 
CPh)2(CO)9 (102 mg, 0.11 mmol, 41%). For comparison, the 
reaction was conducted in refluxing toluene under nitrogen, but 
produced W(^-C4Ph4)(PhC=CPh)2(CO) in low yields (<10%). 

The molecular structure of W(jj4-C4Ph4)(PhC=CPh)2(CO)10 

is illustrated in Figure 1. The structure consists of discrete 
molecules with each tungsten unit bonded to one terminal CO 
UW-C9-0 = 177.5 (5)°), one tetraphenylcyclobutadiene, and 
two diphenylacetylenes. The hydrocarbon ligands are essentially 
in an eclipsed form with respect to the W-C9-0 axis, as evidenced 
by their torsional angles.'' The cyclobutadiene ring (C5 ~ C8) 
is planar with the maximum atomic displacement from plane being 
0.008 (8) A. The two alkyne ligands are themselves coplanar to 
within 0.026 (9) A. The interplanar angle between the plane of 
cyclobutadiene and that of the two alkynes is 15.3 (4)°. Ap
parently, the coordinated CO ligand is sterically forcing the alkyne 
ligands and the cyclobutadiene ring from being parallel, such that 
C1C2 is tilted from the W-C9-0 vector by 7.38°, C4C3 by 8.21°, 
C5C6 by 12.49°, and C8C7 by 11.78°. Furthermore, taking the 
centers of the alkynes (cenl and cen2), the center of cyclobutadiene 
(cen3), and the terminal CO ligand, the coordination about the 
tungsten atom can be described as a distorted tetrahedron (Figure 
2).12 

(9) Data: mp 224-226 0C dec; mass spectrum (fast atom bombardment), 
m/z 924 (M+, '84W), 896 (M+ - CO), 718 (M+ - CO - C2Ph2), 540 (M+ 

- CO - 2C2Ph2); IR (KBr) 2030 (v CO), 1595 (* O C ) cm"1; 1H NMR 
(CD2Cl2, 25 0C) i 7.25-6.77 (m, Ph); 13C(1HI NMR (CDCl3, 25 "C) S 214.9 
(CO), 175.9, 158.9 ( -C) , 140.6, 138.7, 135.1, 133.2, 131.4, 130.1, 129.3, 
128.2, 127.9, 127.4, 126.5, 125.1 (Ph), 83.8 (C4Ph4). Anal. Calcd for 
C57H40WO: C, 74.03; H, 4.36. Found: C, 74.33; H, 4.60. 

(10) The crystal of W(^-C4Ph4)(PhO=CPh)2(CO) found suitable for 
X-ray analysis was grown by slow evaporation of a dichloromethane/hexane 
solution at 25 0C. Crystal data are as follows: triclinic, space group Pl, a 
= 10.961 (1) A, b = 11.086 (2) A, c = 18.579 (4) A, a = 97.46 (I)0 , /3 = 
75.64 (I)0, 7 = 104.13(1)°, V= 2115.1 (6) A3, Z = 2, daiai = 1.452 gem"3, 
F(OOO) = 927.81. Diffraction data (Mo Ka, 29maj = 44.9°) were collected 
on a Nonius diffractometer, using the 6/29 scan mode. The structure was 
refined to R = 3.2% and Rw = 3.8% for 532 parameters against 4896 (/ > 
2a(/)) out of 5512 unique reflections. 

(11) Torsional angles between the hydrocarbon ligands and the WCO 
group: C9-W-C1-C2 = 3.3 (3)°, C9-W-C2-C1 = -176.9 (3)°, C9-W-
C3-C4 = -178.6 (5)°, C9-W-C4-C3 = 1.5 (3)°, C9-W-C5-C6 = 8.5 (3)°, 
C9-W-C6-C5 = -172.7 (5)°, C9-W-C7-C8 = -179.2 (5)°, and C9-W-
C8-C7 = 1.0(3)°. 

(12) Distances: W-cenl(ClC2) = 2.003 (7) A, W-cen2(C3C4) = 2.009 
(7) A, W-cen3 = 2.055 (7) A, and W-C9 = 2.018 (7) A. Angles: cenl-
W-cen2 = 106.2 (2)°, cenl-W-cen3 = 120.1 (2)°, cenl-W-C9 = 96.2 (2)°, 
cen2-W-cen3 = 124.5 (2)°, cen2-W-C9 = 96.7 (2)°, and cen3-W-C9 = 
106.3 (2)°. 

Figure 2. W(C4)(C2)2CO core of the molecule, showing the distorted 
tetrahedral coordination for the tungsten atom. 
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The W-C9 and C9-0 distances associated with the carbonyl 
group are 2.018 (7) and 1.130 (9) A, respectively, which are 
comparable with those found in W(PhC=CPh)3(CO),13 where 
W-C = 1.99 A and C-O = 1.16 A. The alkyne C=C vectors 
are tilted to the WCO group; this gives rise to slight differences 
between the upper and lower C-W distances, such that W-C2 
= 2.112 (6), W-Cl = 2.100 (6), W-C3 = 2.127 (6), and W-C4 
= 2.097 (6) A. The two alkyne C=C lengths are about equal, 
1.304 (±0.001) A, and the phenyl groups are bent back from the 
C=C axis by angles averaging 139.8° (range, 137.4-141.7°). 

The cyclobutadiene group is bonded to the tungsten atom 
asymmetrically, with W-C6 = 2.271 (6) A and W-C7 = 2.224 
(6) A being significantly shorter than W-C5 = 2.363 (6) A and 
W-C8 = 2.343 (6) A. The phenyl groups connected to the 
cyclobutadiene ring are exo to W. Thus they are bent away from 
the cyclobutadiene plane by angles ranging from 23.0 (±1.3)° 
for C6, C7 to 13.7 (±0.5)° for C5, C6; this reflects a large CO 
steric influence on the phenyl groups syn to CO but probably a 
very limited influence on those anti to CO. The cyclobutadiene 
C-C bond distances, ranging from 1.455 to 1.491 A, closely 
resemble those found for other cyclobutadiene-metal complex-
e s 5b,5c,14 

The geometry of W(^-C4Ph4)(PhC=CPh)2(CO) should lead 
to chemically inequivalent C=C carbons and cyclobutadiene ring 
carbons. Thus, the 13C NMR spectrum at room temperature 

(13) Lane, R. M.; Moriarty, R. E.; Bau, R. J. Am. Chem. Soc. 1972, 94, 
1402. 

(14) (a) Dodge, R. P.; Schomaker, V. Acta Crystallogr. 1965,18, 614. (b) 
Mathew, M.; Palenik, G. J. J. Organomet. Chem. 1973, 61, 301. (c) Crocker, 
M.; Green, M.; Guy Orpen, A. G.; Thomas, D. M. J. Chem. Soc., Chem. 
Commun. 1984, 1141. 
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exhibits two resonances at S 175.9 and 5 158.9 for the alkyne C=C 
carbons. On the other hand, the cyclobutadiene carbons give a 
single sharp signal at S 83.8, revealing that the cyclobutadiene 
ligand is fluxional with facile ring rotation. This signal broadens 
at -50 0C, but a slow-exchange spectrum is not recorded due to 
poor solubility for the complex at lower temperatures. 

Solid W(?j4-C4Ph4)(PhC=CPh)2(CO) is thermally robust to 
220 0C, suggesting a stable electronic configuration for the 
complex. Since terminal CO and ^-cyclobutadiene ring are 
normally considered as two- and four-electron donors, respectively, 
the remaining two alkyne ligands must supply six electrons, 
presumably from two ir(||) and one *•(_!_) orbitals,7 to the neutral 
tungsten atom to satisfy the 18-electron rule. Therefore, the actual 
structure is best regarded as a resonance hybrid with two canonical 
forms involving one four-electron-donor («-(11) + ir(±)) and one 
two-electron-donor (ir(||)) alkyne ligands. The results are reflected 
on the C=C bond lengths and 13C NMR shifts, which are found 
in between those measured for two- and four-electron-donating 
alkyne complexes.15 

Recently we prepared a complex, W(PhC=CPh)3(NCCH3), 
which underwent facile ligand substitution with bulky phosphines 
to yield W(PhC=CPh)3L, where L = PPh3 or CH2(PPh2)2.

16 On 
the contrary, diphenylacetylene reacts with W(PhC=CPh)3-
(NCCH3), affording W(^-C4Ph4)(PhC=CPh)2(NCCH3)

17 in 
79% yield; the same product is obtained by treating W(?;4-
C4Ph4)(PhC=CPh)2(CO) with Me3NO in acetonitrile solution. 
Moreover, carbonylation of W(^-C4Ph4)(PhC=CPh)2(NCCH3) 
yields W(?j4-C4Ph4)(PhC=CPh)2(CO) quantitatively (Scheme 
I). 

King7 has shown that in a W(alkyne)3 unit of either D3h or C3„ 
symmetry, the three alkyne ligands can donate a total of only 10 
electrons to the tungsten atom. A pathway dissociating CO or 
NCCH3 from W(PhC=CPh)3(CO) or W(PhC=CPh)3(NCCH3) 
to generate an unstable, 16-electron species [W(PhC=CPh)3] 
is plausible. Alternatively, association of a diphenylacetylene 
would cause severe steric crowding around the tungsten atom, 
which could be released through alkyne-alkyne coupling to yield 
the observed products. However, it remains uncertain whether 
the tetraphenylcyclobutadiene group is derived from the coor
dinated PhC=CPh ligands or the added diphenylacetylene is 
involved. The details are presently under investigation. 
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Am. Chem. Soc. 1972, 94, 5087. (b) Ward, B. C; Templeton, J. L. J. Am. 
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Soc. 1980,102, 3288 and references therein, (d) Armstrong, E. M.; Baker, 
P. K. J. Chem. Soc., Dalton Trans. 1989, 295. (e) Davidson, J. L.; Vasapollo, 
G. J. Chem. Soc, Dalton Trans. 1988, 2855. (f) Allen, S. R.; Baker, P. K.; 
Barnes, S. G.; Green, M.; Trollope, L. J. Chem. Soc, Dalton Trans. 1981, 
873. 
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was separated by TLC. W(V-C4Ph4)(PhC=SCPh)2(NCCH3) (520 mg, 0.55 
mmol, 79%) forms air-stable, orange-yellow crystals: mp 175-177 0C dec; 
mass spectrum (FAB), m/z 937 (M+, 184W), 896 (M+ - CH3CN), 718 (M+ 

- CH3CN - C2Ph2), 540 (M+ - CH3CN - 2C2Ph2); IR (KBr) 1591 (v C=C) 
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We wish to report details of guest binding and the X-ray 
structures of two exceptionally high-efficiency hosts, 1-D and 1-P. 
We conclude that "tilted tee"5 edge-face arene-arene interactions 
can be a dominating force in the stabilization of host-guest 
complexes in organic solvents. 

While solvophobic forces dominate molecular recognition in 
aqueous medium, the situation is less clear in organic solvents. 
Multiple hydrogen bonding sites1 and a variety of van der Waals 
contacts, including 7r-ir and related dipole-induced dipole in
teractions associated with arene-arene interactions, have been 
exploited.2 The remarkable use of physical encapsulation should 
be noted.3 

We have reported the powerful molecular recognition behavior 
of a series of cyclophanes bearing a concave functionality which, 
having but one concave functionality, are nonetheless remarkably 
"sticky" toward aromatic hydrogen-bond-donating guests, pri
marily because of immobilization effects (Figure I).4 

Hosts 1-D and 1-P6 are both extraordinarily efficient binders 
of p-nitrophenol ("PNP") in CD2Cl2, having AT81100 of 35000 M"1 

for 1-D and ca. 100000 M"14b for 1-P.8 Competition binding 
experiments confirm the ca. 3:1 ratio of binding constants favoring 
1-P over 1-D.8 X-ray structures of the 1-D and 1-P PNP com
plexes are shown in Figure 2.9 

The following observations lead us to the opening assertion. 
(1) At 21 0C, the proton NMR spectrum of 1-D:PNP (CD2Cl2, 

1:2.5) shows the guest protons as broad singlets at 8 6.5 (v1/2 = 
50 Hz) and 7.15 (v1/2 = 140 Hz). The aromatic protons of free 
p-nitrophenol appear as doublets at 5 6.93 and 8.15 (J = 9.1 Hz). 
Cooling the sample to -20 0C leads to separate but broad signals 
for the bound and free phenol. At -80 0C, well-resolved spectra 
are visible. 

(2) At -40 0C, the bound PNP protons appear as four separate 
signals at 6.05, 5.95, 5.5, and 3.78 ppm. This upfield shift of 4.4 
ppm is required by the binding model, wherein the two edges of 
bound PNP exist in quite different environments: H2 and H3 
straddle the diyne spacer, while H5 and H6 lie over the p-xylene. 

(1) (a) Hamilton, A. D.; Chang, S.; Van Engen, D.; Fan, E. J. Am. Chem. 
Soc 1991, 113, 7640-7645. (b) Rebek, J., Jr.; Jeong, K. S.; Tjivikua, T.; 
Muehldorf, A.; Deslongchamps, G.; Famulok, M. J. Am. Chem. Soc. 1991, 
113, 201-209. (c) Kelly, T. R.; Bridger, G. J.; Zhao, C. J. Am. Chem. Soc 
1990, 112, 8024-8034. 

(2) (a) Zimmerman, S. C; Wu, W.; Zeng, Z. J. Am. Chem. Soc. 1991, 
113, 196-201. (b) Diederich, F. Angew. Chem., Int. Ed. Engl. 1988, 27, 
362-386. (c) Upfield shifts of up to 2.5 ppm in hydrophobic complexes have 
been reported: Ferguson, S. B.; Sanford, E. M.; Seward, E. M.; Diederich, 
F. J. Am. Chem. Soc 1991, 113, 5410-5419. 

(3) (a) Cram, D. J.; Tanner, M. E.; Thomas, R. Angew. Chem., Int. Ed. 
Engl. 1991, 30, 1024-1027. 

(4) (a) Sheridan, R. E.; Whitlock, H. W. J. Am. Chem. Soc 1988, 110, 
4071-4073. (b) Whitlock, B. J. J. Am. Chem. Soc. 1990, 112, 3910-3915. 
(c) Neder, K. M.; Whitlock, H. W. J. Am. Chem. Soc. 1990,112, 9412-9414. 

(5) (a) Cowart, M. D.; Sucholeiki, I.; Bukownik, R. R.; Wilcox, C. S. J. 
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