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Figure 2. Potential energy profile of the entire catalytic cycle, in kilo-
calories per mole.

shown in Figure 1. The potential energy profile for the full cycle
is shown in Figure 2. The energy difference between both ends
of the profile corresponds to the energy of the reaction H, +
CH,=CH, — CH;—CH,.!! We find in Figure 2 that the
potential energy profile is smooth, without excessive barriers and
without too stable intermediates. This is, of course, the way it
has to be for any good catalytic process, but it is heartening to
find it out in a theoretical calculation.

The first two reactions, oxidative addition of H, and coordi-
nation of olefin, are found to be exothermic with little or no
activation barrier. Olefin insertion, followed by isomerization of
the trans ethyl hydride complex 4 to a cis complex, is the rate-
determining step with a barrier height of about 20 kcal/mol.
These two reactions, exothermic overall, may actually take place
as one combined step with little stability in the trans intermediate
4.2 The final step of reductive elimination of ethane from the
cis complex 5 is nearly thermoneutral with a substantial barrier
(~15 kcal/mol).

Some specific features of the geometries and the energetics of
the intermediates and the transition states may be noted in Figures
1 and 2. In the oxidative addition of H,, formation of an H,
complex is followed by a transition state, noted as TS(1—2), with
a very small barrier (<1 kcal/mol). TS(1—2) is very late, with
the Rh—H distances nearly as short as in the product 2. The
barrier being small, these two steps should be considered to take
place as a combined step without a barrier. Olefin prefers to
coordinate to the Y-shaped (trigonal bipyramidal) intermediate
2 from the HRhCI end, rather than from the HRhH end, to give
3 without a barrier. The Rh—C bond is long in 3, probably due
to the strong trans influence of the hydride as well as the electronic
and steric effect of the chloride. The intermediate 3 is in a valley
of the potential energy profile and may be detectable experi-
mentally. The olefin insertion product 4 shows signs of a very
strong agostic interaction, with a small RhCC angle (~80°), a
short Rh-«-H distance, and a long CH bond (1.18 A compared
to normal 1.08 A) interacting with Rh. The isomerization of the
trans complex 4 to a cis complex, from which the reductive
elimination can take place, has several possible routes and in-
termediates. Among them, the hydride migration from 4, followed
by the chloride migration to give 5, seems to be the most favorable.

(10) The use of the Hartree—Fock method is justifiable for all the present
complexes, where at least two phosphines and a chloride stabilize the
closed-shell ground state. We use a valence double-{ basis set for Rh with
a relativistic effective core potential, the 3-21G set for hydrides and hydro-
carbons, and the STO-2G set for the spectator ligands Cl and PH,.

(11) The experimental value from the standard heat of formation is 32.7
kcal/mol,''® compared with the present HF/3-21G value of 43.9 keal/mol.
The 6-31G* RHF and MP2 calculations have given 44.0 and 41.1 kcal/mol,
respectively.''® (a) Wagman, D. D.; Evans, W, H.; Parker, V. B.; Schumm,
R. H.; Halow, I; Bailey, S. M.; Churney, K. L.; Nuttall, R. L. J. Phys. Chem.
Ref. Data, Suppl. 2 1982, 11. (b) Carnegie-Mellon Quantum Chemistry
Archive; Whiteside, R. A., Frisch, M. I, Pople, J. A., Eds.; Carnegie-Mellon
University: Pittsburgh, 1983.

(12) An electron correlation (MP2) calculation with a larger basis set at
the optimized geometries of Figure | gives the energy of 4 higher than that
of TS(3—4).

The large exothermicity of the hydride migration brings the po-
tential energy profile down, and the chloride migration takes place
with a small (~3 kcal/mol) barrier. The ethyl migration which
leads 4 directly to 5 has a higher barrier (not shown) and is
unfavorable.

Detailed analysis of the geometries and the energetics of
reactants, intermediates, and transition states, as well as a com-
parison with similar reactions studied previously, will be published
elsewhere. The study of the solvent effect on the potential energy
profile is also in progress.
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The single-crystal X-ray structure of the ternary complex of
a Schiff base macrocycle 1 shows that the electrophilic uranyl
cation and urea both complex cooperatively in the cavity of the
macrocycle.

As part of our work on the complexation of neutral molecules
by macrocyclic ligands,! we are particularly interested in the
complexation of urea. We have shown that urea can form com-
plexes with (aza-)18-crown-6%3 but the association constants of
these complexes in water are very small (18-crown-6-urea, log
K, =014

Protonation of urea effects stronger binding especially when
the crown ether is sufficiently large to form an encapsulated
complex (e.g., the complex benzo-27-crown-9-urea-HClOy).?
Protonation of the weakly basic urea (pK, = 0.1, water, 25 °C)
requires strongly acidic conditions and to avoid this we have
introduced a covalently linked carboxylic group in the cavity of
the macrocycle. A strong hydrogen bond of urea with 2-
carboxyl-1,3-xylyl-30-crown-9 resulted in an encapsulated com-
plex.t

* Laboratory of Organic Chemistry, University of Twente.

!Department of Chemistry, The University.

§ Laboratory of Chemical Physics, University of Twente.

(1) (a) van Zon, A.; de Jong, F.; Reinhoudt, D. N.; Torny, G. J.; Onwezen,
Y. Recl. Trav. Chim. Pays-Bas 1981, 100, 453-459. (b) de Boer, J. A. A,;
Reinhoudt, D. N.; Harkema, S.; van Hummel, G. J.; de Jong, F. J. Am. Chem.
Soc. 1982, 104, 4073-4076. (c) Grootenhuis, P. D. J.; Uiterwijk, J. W. H.
M.; Reinhoudt, D. N.; van Staveren, C. J.; Sudholter, E. J. R.; Bos, M.; van
Eerden, J.; Klooster, W. T.; Kruise, L.; Harkema, S. J. Am. Chem. Soc. 1986,
108, 780-788. (d) van Staveren, C. J., Aarts, V. M. L. J.; Grootenhuis, P.
D. J.; van Eerden, J.; Harkema, S.; Reinhoudt, D. N. J. Am. Chem. Soc. 1986,
108, 5271-5276.

(2) Harkema, S.; van Hummel, G. J.; Daasvatn, K.; Reinhoudt, D. N. J.
Chem. Soc., Chem. Commun. 1981, 368-369.

(3) Uiterwijk, J. W. H. M,; van Hummel, G. J.; Harkema, S.; Aarts, V.
M. L. J.; Daasvatn, K.; Geevers, J.; den Hertog, H. J., Jr.; Reinhoudt, D. N.,
unpublished results.

(4) Zollinger, D. P.; Bos, M.; van Veen-Blauw, A. M. W.; van der Linden,
W. E. Anal. Chim. Acta 1984, 161, 83-90.

(5) Uiterwijk, J. W. H. M.; Harkema, S.; Reinhoudt, D. N.; Daasvatn, K.;
den Hertog, H. J., Jr.; Geevers, J. Angew. Chem. 1982, 94, 462-463.

(6) Aarts, V. M, L. J.; van Staveren, C. J.; Grootenhuis, P. D. J; van
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Communications to the Editor

The concept of using an electrophilic center to bind urea in the
cavity of a crown ether proved to be a more general concept. A
metal cation can serve as the electrophile as was shown by the
isolation and single-crystal X-ray analysis of the 2,6-pyrido-27-
crown-9-urea—LiCIO, (1:2:1) complex in which one of the urea
molecules is encapsulated.®

In an effort to bind an electrophilic metal ion in the crown ether
irreversibly we have concentrated our work on macrocycles of type
1, since the strong binding of quadridentate (salen type) Schiff
bases with soft metal ions is well-known.” Furthermore urea forms

. R=H;X=-Y=-

2: R=H;X = -, Y = Ba(Cl0O,),
33 R=-X=Ni;Y = urea

4 R=-X=UO0,; Y = 7H,0
5: R=-X=U0, Y = urea

many complexes with such metal salts and X-ray structure de-
terminations show that in these complexes the urea is coordinated
to the metal ion via oxygen.® The complexation of urea by 1
would involve coordination of the carbonyl oxygen to the metal
ion and additional stabilization by hydrogen bonding between the
NH, groups of urea and polyether oxygens.

This type of cocomplexation of a neutral guest by a host
molecule both by hydrogen bonding and coordination with a metal
ion is frequently observed in (metallo) enzymes. Urease is believed
to bind urea at the active site of the enzyme both through a
coordinative bond to a nickel ion and by means of hydrogen bonds
with carboxylate groups of the polypeptide chain.®

Reaction of 2-(allyloxy)-3-hydroxybenzaldehyde with hepta-
kis(ethylene glycol) ditosylate, followed by removal of the pro-
tecting allyl group, and condensation with o-phenylenediamine
with Ba(ClO,), as a template afforded 2 in good yield.!?

Reaction of 2 with Ni(OAc), in MeOH followed by removal
of Ba(ClO,), with guanidinium sulfate and subsequent reaction
with urea in MeOH afforded the complex 3 with one urea bound
per nickel complex. However X-ray crystal structure determi-
nation showed that urea is only hydrogen bonded to the polyether
moiety and to one of the phenolic oxygens.!° There is no short
contact between nickel and urea, owing to the preferred square-
planar coordination of nickel. This prevents a planar pentagonal
coordination required for the cocomplexation of urea with as-
sistance by the polyether moiety. Therefore a cation with pref-
erential planar pentagonal coordination was used.

Reaction of the Ba(Cl0,), complex 2 with 1 equiv of uranyl
acetate in refluxing methanol yielded the uranyl complex 4 as deep
red crystals which formed upon cooling to room temperature (yield
80%, mp 110-112 °C). The mass spectrum shows a molecular
ion peak at m/e 906.298 (caled 906.308 for C;sHyoN,0,,U),
which indicates that the UO,?* ion is tightly bound. In the 'H
NMR spectrum (Me,SO-d,), the signals for the phenolic OH

(7) (a) Diehl, H.; Hach, C. C. In Inorganic Synthesis; Audrieth, L. F., Ed.;
McGraw-Hill: New York, 1950; Vol. III, pp 196-201. (b) Bandoli, G.;
Clemente, D. A. J. Chem. Soc., Dalton Trans 1975, 612-615. (¢) Bandoli,
G.; Clemente, D. A.; Croatto, U.; Vidali, M.; Vigato, P. A. J. Chem. Soc.,
Chem. Commun. 1971, 1330-1331.

(8) Lebioda, L. Acta Crystallogr., Sect. B 1980, 36, 271-275,

(9) Andrews, R. K.; Blakeley, R. L.; Zerner, B. Adv. Inorg. Biochem. 1984,
6, 245-283.

(10) Details of the syntheses and X-ray crystal structures will be published
elsewhere.
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Figure 1. View of the structure of § showing the coordination of the U
atom (U-Oyeny 1.78 A, U-Oppenanic 2.24-2.30 &, U-O,, 2.37 A, U-N
2.55-2.59 A) and the hydrogen bonding of urea to the macrocycle (N«+-O
distances 2.94-3.14 A, N-H--+O angles 109-170°).

which are present in the Ba(ClO,), complex at 13.13 ppm have
disappeared, indicating that the hydroxy groups are deprotonated.
These observations show that the uranyl cation occupies the Schiff
base cavity. From the elemental analysis we calculated that seven
water molecules are coordinated to the complex. (Anal. Caled
for C34H40N2012U'7H202 C, 3954, H, 527, N, 2.71. Found:
C,39.32, H, 4.84; N, 2.63.) Treatment with guanidinium sulfate
in H,O/CHCI, gave no BaSQ,.!° The IR spectrum shows strong
bands at 897 em™ (v,,(0—U—0)) and 1602 cm™ (»(C=N)) and
a strong broad band at 3450 cm™! (H,0).

When a solution of 4 in MeOH was treated with 1 equiv of
urea in MeOH, the complex 5 precipitated immediately as a red
powder (yield 70%, mp 247-249 °C). In the 'H NMR spectrum
(Me,SO-dg) a broad singlet at 5.4 ppm indicates the presence of
urea. The mass spectrum exhibited a signal at 906.299 which
corresponds to the mass of the complex without urea, but at m/e
60 a strong signal was present, which was not observed for the
complex 4. Satisfactory elemental analysis for C;,H4N,O,,-
U-CH4N,0 was obtained. The IR spectrum shows strong bands
at 1640 cm™ (»(C=0)), 1602 cm™! (v(C=N)), and 896 cm!
(v,(0—U—0)). The signal at 1640 cm™ is also observed in
infrared spectra of metal complexes of urea'! and indicates a strong
interaction of urea with the uranyl cation.

X-ray structure determination'? (Figure 1) proved that urea
is coordinated to the uranyl cation via a lone pair of electrons of
the carbonyl oxygen (C=0--.U angle 141°).% Together with the
coordination of urea to one of the phenolate oxygens and five
oxygens of the polyether chain via hydrogen bonds, this results
in a highly structured complex. The Schiff base moiety deviates
substantially from planarity, the angles between the mean planes
of adjacent aromatic rings being 37° and 46°, respectively. This
deformation is necessary to accomodate the large uranyl cation.”

Our results show that the concept of complexation of neutral
molecules assisted by electrophilic centers present in the cavity
can be extended to ternary complexes. Extension to other (me-
tallo) enzyme mimicks is in progress.

(11) (a) Penland, R. B.; Mizushima, S.; Curran, C.; Quagliano, J. V. J.
Am. Chem. Soc. 1957, 79, 1575-1578. (b) Cattalini, L.; Croatto, U.; Degetto,
S.; Tondello, E. Inorg. Chim. Acta Rev. 1971, 5, 19-43.

(12) C3,H4,N;0,4:UO,CH,N,0, monoclinic, space group P2,/c, a =
16.280 (5) A, b = 11,734 (3) &, c = 20.531 (5) A, 8 = 109.11 (3)°, V = 3706
4) A% Z=4,D,=1.73 gem™?, u(Mo Ka) = 42.2 cm™!. Measured, 6467
unique reflections (3° < § <25°), T = 180 K. Position of U atom obtained
from Patterson synthesis. Structure completed by successive difference Fourier
syntheses. Full-matrix least-squares refinement of 3331 observed reflections
(Fo2> 30(F,?). After isotropic refinement of the non-H atoms an empirical
absorption correction'® was applied. Refinement was completed with aniso-
tropic thermal parameters for the non-H atoms; all H atoms were put in
calculated positions. Final R = 2.8%, R, = 3.4%, 478 variables, largest
residual peak 0.7 e A3, All calculations were done using SDP.'

(13) Walker, N,; Stuart, D. Acta Crystallogr., Sect. A 1983, 39, 158-166.

(14) Structure Determination Package, B. A. Frenz and Associates Inc.;
College Station, TX; Enraf Nonius, Delft, 1983.
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Dimetal tetracarboxylate complexes have provided a rich arena
for study of metal-metal bonding since the presence of o-, #-, and
8-orbital symmetry interactions was first explained in 1964.! The
title compounds have proven particularly fruitful for investigating
these interactions because the volatility of these compounds makes
them suitable for gas-phase photoelectron studies, thus allowing
detailed experimental examination of the theoretical principles
of bonding.*1® Development of the basic bonding description
for these complexes has been accompanied by numerous studies
of the effects of bridging ligands and axial interactions on the
metal-metal bond strength and bond length. The Cr-Cr bond
length is especially sensitive to the bridging ligand type and axial
interactions.!! The importance of axial interactions is illustrated
by comparison of the hydrous and anhydrous single-crystal'?
structures of Cr,(0,CCHj;),4 and by a further comparison of these
structures to the recent gas-phase electron diffraction results of
Fink and Ketkar.!> These structures yield Cr—Cr bond lengths
of 2.362 (1), 2.288 (2), and 1.966 (14) A, respectively. In contrast,
the Mo,** and W,** cores show minimal change in metal-metal
bond length despite the use of a wide variety of bridging and axial
ligands.'#!>  As one step to examining the electronic effects of
axial occupation on the metal-metal bond, we have obtained the

(1) (a) Cotton, F. A,; Durtis, N. F.; Harris, C. B.; Johnson, B. F. G,;
Lippard, S. J.; Mague, J. T.; Robinson, W. R.; Wood, J. S. Science (Wash-
ington, D.C.) 1964, 145, 1305. (b) Lawton, D.; Nason, R. J. Am. Chem. Soc.
1968, 31, 921-922.

(2) Green, J. C,; Hayes, A. J. Chem. Phys. Lett. 1975, 31, 306-307.

(3) Cotton, F. A,; Norman, J. G., Jr.; Stults, B. R.; Webb, T. R. J. Coord.
Chem. 1976, 5, 217.

(4) Guest, M. F.; Garner, D. C.; Hillier, I. H.; Walton, 1. B. J. Chem. Soc.,
Faraday Trans. 2 1978, 74, 2092-2098.

(5) PES spectra for solid Cry(O,CCHj;), was previously reported by:
Garner, C. D.; Hillier, I. H.; Macdowell, A, A.; Walton, 1. B.; Guest, M. F.
J. Chem. Soc., Faraday Trans. 2 1979, 75, 485-493.

(6) Coleman, A. W.; Green, J. C.; Hayes, A. J.; Seddon, E. A.; Lloyd, D.
R.; Niwa, Y. J. Chem. Soc., Dalton Trans. 1979, 80, 1057-1064.

(7) Bancroft, G. M.; Pellach, E.; Sattelberger, A. P.; McLaughlin, K. W.
J. Chem. Soc., Chem. Commun. 1982, 752-754.

(8) Ziegler, T. J. Am. Chem. Soc. 1985, 107, 4453-4459 and references
therein.

(9) Blevins, C. H., II Diss. Abstr. Int. B 1984, 45, 1186, see Chapter 5.

(10) Lightenberger, D. L.; Blevins, C. H., I1 J. Am. Chem. Soc. 1984, 106,
1636-1641.

(11) (a) Cotton, F. A.; Extine, M. W.; Rice, G. W. Inorg. Chem. 1978,
17, 176-186. (b) Cotton, F. A.; Ilsley, W. H.; Kaim, W. J. Am. Chem. Soc.
1980, 102, 3464-3474.

(12) (a) Cotton, F. A; DeBoer, B. G.; LaPrade, M. D.; Pipal, J. R.; Ucko,
D. A. Acta Crystallogr., Sect. B 1971, B27, 1644-1671. (b) Cotton, F. A ;
Rice, C. E.; Rice, G. W. J. Am. Chem. Soc. 1977, 99, 4704-4707.

(13) Ketkar, S. N.; Fink, M. J. Am. Chem. Soc. 19858, 107, 338-340.
| 2(14) Cotton, F. A.; Extine, M.; Gage, L. B. Inorg. Chem. 1978, 17,

72-176.

(15) Chisholm, M. H.; Clark, D. L.; Huffman, J. C.; Van Der Sluys, W.
G.; Kober, E. M,; Lichtenberger, D. L.; Bursten, B. E. submitted for publi-
cation in J. Am. Chem. Soc.
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Figure 1. Valence He I photoelectron spectra of M,(0,CCH,), for (A)
M = chromium, (B) M = molybdenum, and (C) M = tungsten. Ineach
case the top spectrum is from the thin film and the bottom spectrum is
from the gas phase.
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Figure 2. Close-up He I spectra of the Mo,(O,CCH3;), metal ionization
region for the thin film. The vertical lines indicate experimental data.
The solid line is the sum of three asymmetric Gaussian peaks, shown as
dashed lines.

photoelectron spectra of thin films of anhydrous group VI
tetraacetates. In these thin films the axial positions of the
metal-metal bonds are occupied by neighboring molecules. With
appropriate preparation! of these films in ultrahigh vacuum
conditions, we are able to obtain spectra which exhibit only slight
broadening as compared to the gas-phase spectra, indicating that
each molecule contributing to the observation is in a similar
electronic environment. The axial positions of the metal-metal

(16) All film spectra were recorded at room temperature on a VG ESCA
LAB Mk II spectrometer. The thin films were deposited and maintained
under UHV conditions for the duration of the experiment. Depositions were
precisely controlled for optimum disappearance of substrate valence bands,
minimum charging, and maximum resolution. The film thickness was ap-
proximately 100 A on the basis of the attentuation of the Au 4f substrate
ionizations. Sample integrity was verified by monitoring the metal, carbon,
and oxygen core ionizations.
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