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the orientations observed in the crystal must be ascribed to rel-
atively weak intramolecular interactions and/or intermolecular
crystal packing forces.

Os(NATr); is soluble and stable in most common organic solvents
and is stable to moist air in both the solid state and solution for
days at 25 °C. Tt is insoluble and stable in water. It does not
react at 25 °C with pyridine, tetrahydrofuran, tertiary amines,
triphenylphosphine, gaseous HCl in ether, Phy,P==0, propylene
oxide, norbornene, cyclopentene, or styrene. However, 1 does react
readily with PMe,Ph in pentane to give violet, crystalline Os-
(NAr),(PMe,Ph), (2) and Me,PhP=NAr in high yield.!?
(Products that probably are related to 2 are obtained from
analogous reactions between 1 and PMe,, P(OMe),4, or P(OPh),.)
An X-ray study!? showed 2 to be a square-planar complex in which
there is a crystallographic inversion center (Figure 2). The bond
lengths Os==N = 1,790 (6) A and Os-P = 2.374 (2) A are not
unusual. The imido ligands are virtually linear (Os—N-C angle
of 177.9 (5)°). Therefore 2 also might be called a “20-electron”
complex, but again, an electron pair can be said to be in a ni-
trogen-based nonbonding MO (b, in D,, symmetry) made up of
the symmetric combination of the two in-plane p orbitals on the
nitrogen atoms. (The by, orbital on osmium probably is used
primarily for ¢ bonding to the phosphine ligands.)

Compound 1 reacts with Me,NO to give red-black crystalline
OsO(N-2,6-C¢Hy-i-Pr,), (3),14 an analogue of previously reported
OsO(N-t-Bu),;."* 3 readily transfers an oxygen atom to PPh,
to generate Ph;PO and 1 and reacts with norbornene, cyclopentene,
and ethylenel!® to give orange, crystalline products that contain
a plane of symmetry (by NMR) and therefore are postulated to
be Os(VI) metallaimidazolidine complexes analogous to those
postulated as intermediates in reactions between OsO(N-z-Bu),
and olefins.!’® The structure of Os[(Ar)NCH,CH,N(Ar)](O)-
(NAr) has been confirmed by an X-ray study, details of which
will be published later.

To our knowledge, 1 is the first example of a “pure” homoleptic
imido complex!? and a rare example of trigonal coordination.!®
The unusual square-planar geometry of 2 is reminiscent of
square-planar complexes of the type M(0O-2,6-C¢H3R,), (M =

(12) Anal, Caled for CgaH“NzOzOs: C, 58.80; H, 6.91; N, 3.43. Found:
C, 58.62; H, 7.14; N, 3.45. 'TH NMR (C¢D): 6 4.32 (CHMe,), 1.53 (virtual
t, PPhMe,), 1.13 (CHMe,); aryl proton resonances not listed.

(13) A crystal was mounted in a glass capillary, Data were collected on
a Rigaku AFCG6R diffractometer at room temperature using graphite-mono-
chromated Mo Ka radiation: space group P2;/c with a = 9.605 (2) A, b =
9.314 (7) A, ¢ = 21.996 (3) A, 8 = 96.56 (2)°, Z = 2, FW = 817.04, and
p = 1.388 g/cm?. A total of 3914 reflections (h,k,%/) were collected in the
range 0° < 26 < 48° with the 2206 having I > 3.004(I) being used in the
structure refinement by full-matrix least-squares techniques (206 variables)
using the TEXSAN crystallographic software package from Molecular
Structure Corporation. Final R = 0.029, R, = 0.044. Full details can be
found in the supplementary material.

(14) A suspension of 1 (0.2 g, 0.24 mmol) and Me,NO (0.063 g, 0.84
mmol) in toluene (20 mL) was stirred under dinitrogen at room temperature
for 24 h. Solvents were removed in vacuo, and the residue was extracted and
recrystallized from pentane to afford red-brown crystals of 2 in 63% yield: 'H
NMR (C4Dq) 6 7.00 (Hy,), 6.88 (H,), 3.47 (Me,CH), 1.08 (Me,CH); “C{*H}
NMR (C¢Dy) 6 153.77 (Cyo), 141.33 (C,), 128.59 (C,), 122.51 (C,), 29.31
(Me,CH), 23.55 (Me,CH). Anal. Caled for C44HsN,OOs: C, 5"9.07; H,
7.02; N, 5.74. Found: C, 58.75; H, 7.17; N, 5.65.

(15) Chong, A. O.; Oshima, K.; Sharpless, K. B. J. Am. Chem. Soc. 1977,
99, 3420.

(16) Anal. Caled for ngHSf,NSOOs: C, 60.05; H, 7.29; N, 5.53. Found:
C, 60.18; H, 7.44; N, 5.70. 'H NMR (C¢Dg¢): & 7.15-6.80 (m, 9, aryl
protons), 4.05 (AA’BB’ pattern, 4, C,H,), 3.79 (sept, 2, CHMe,), 2.81 (sept,
2, CHMe,), 2.41 (sept, 2, CHMe,), 1.54 (d, 6, CHMe,), 1.20 (d, 6, CHMe,),
1.14 (d, 6, CHMe,), 0.93 (d, 6, CHMe,), 0.90 (d, 12, CHMe,). 3C NMR
(CeDg): 8 70.48 (Cg); »(Os==0) 896 cm™!.

(17) (a) Closely related complexes that contain lithium—nitrogen bonds are
Li;W(N-1-Bu), and Li(tmeda)Re(N-t-Bu),.!”* “Re(N-z-Bu),” is actually a
dimer, [Re(N-1-Bu),(u-N--Bu)]5.17¢ Os(N-t-Bu);(NSOjaryl) was charac-
terized by elemental analysis and by its reactions with olefins,!’¢ but not
crystallographically characterized. (b) Danopoulos, A. A.; Wilkinson, G.;
Hussain, B.; Hursthouse, M. B. J. Chem. Soc., Chem. Commun. 1989, 896.
(c) Danopoulos, A. A.; Longley, C. J.; Wilkinson, G.; Hussain, B.; Hursthouse,
M. l]3 Polyhedron, in press. (d) Hentges, S. G.; Sharpless, K. B., unpublished
results.

(18) (a) The most relevant trigonal complexes in this context are those of
the type M[N(SiMe;),]; (M = Fe, Cr)."¥® (b) Bradley, D. C.; Hursthouse,
M. B, Rodesiler, P. F. J. Chem. Soc., Chem. Commun. 1969, 14,
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W1 or Re;?® R = i-Pr or Me) where strong w bonding is believed
to enforce the square-planar geometry. The structures of 1 and
2 challenge the notion that linearity or near linearity of an imido
ligand implies donation of the electron pair on nitrogen to the
metal.’ The structure of a recently reported “20-electron” zir-
conium complex would justify a similar conclusion.?!

Acknowledgment. R.R.S. thanks the National Science Foun-
dation for research support (CHE 88-22508) and the U.S. De-
partment of Energy, Division of University and Industry Programs,
for funds to purchase the X-ray diffractometer (Grant DE-
FGO05-86ER75292). J.T.A. thanks the Deutscher Akademischer
Austauschdienst for a NATO Postdoctoral Fellowship, and T.P.K.
thanks the Science and Engineering Research Council for a
NATO Postdoctoral Fellowship. We thank Dr. W. M. Davis for
collecting the data set for 1 and Molecular Structure Corporation
for collecting the data set for 2.

Supplementary Material Available: Description of the X-ray
study, an ORTEP drawing, and a fully labeled drawing and tables
of final positional parameters and final thermal parameters for
1 and 2 (21 pages); tables of final observed and calculated
structure factors for 1 and 2 (52 pages). Ordering information
is given on any current masthead page.
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(20) Gardiner, [. M.; Bruck, M. A_; Wigley, D. E. Inorg. Chem. 1989, 28,
1769.

(21) Walsh, P. J.; Hollander, F. J.; Bergman, R. G. J. Am. Chem. soc.
1988, 110, 8729.

X-ray Absorption Edge Spectroscopy of Ligands Bound
to Open-Shell Metal Ions: Chlorine K-Edge Studies of
Covalency in CuCl>

Britt Hedman*

Stanford Synchrotron Radiation Laboratory
Stanford University, SLAC, Bin 69, P.O. Box 4349
Stanford, California 94309

Keith O. Hodgson* and Edward I. Solomon*

Department of Chemistry, Stanford University
Stanford, California 94305

Received July 20, 1989

Information on electronic structure can be obtained from
analysis of X-ray absorption edge spectra.! This approach has
been used to obtain information from edges of transition metals
like Cu, Fe, Ni, and Mo.2 It is also possible to directly study
the absorption edge of ligands such as Cl and S bound to the
metal.2>? These edges fall in the 2-3-keV energy region where
edge features are very well resolved.* We report here the ob-
servation of an intense preedge transition associated with ligands
bound to open-shell central atoms. We further show that the

(1) Bianconi, A. In X-ray Absorption; Koningsberger, D. C., Prins, R.,
Eds.; John Wiley & Sons: New York, 1988; Chapter 11.

(2) (a) Kau, L. S.; Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson,
K. O.; Salomon, E. L. J. Am. Chem. Soc. 1987, 109, 6433. (b) Roe, A. L.;
Schneider, D. J.; Mayer, R. J.; Pyrz, J. W.; Widom, J.; Que, L., Jr. J. Am.
Chem. Soc. 1984, 106, 1676. (c) Eidsness, M. K.; Sullivan, R. J.; Scott, R.
A. In Bioinorganic Chemistry of Nickel; Lancaster, J. R,, Ed.; VCH:
Deerfield Beach, FL, 1988; p 73. (d) Conradson, S. D.; Burgess, B. K.;
Newton, W. E.; McDonald, J. W.; Rubinson, J. R.; Gheller, S. F.; Mortenson,
L. E.; Adams, M. W. W,; Mascharak, P. K.; Armstrong, W. A.; Holm, R.
H.; Hodgson, K. O. J. Am. Chem. Soc. 1985, 107, 7935. (e) Hedman, B;
Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.; Hodgson, K. O. J. Am.
Chem. Soc. 1988, 110, 3798.

(3) (a) Sugiura, C.; Suzuki, T. J. Chem. Phys. 1981, 75, 4357. (b) Sug-
iura, C. J. Chem. Phys. 1973, 58, 5444.

(4) The high energy resolution is due to the combined effect of reduced
core hole lifetime (Krause, M. O.; Oliver, J. H. J. Phys. Chem. Ref. Data
1979, 8, 329) and improved monochromator resolution.
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Figure 1. Cl K-edge XAS spectra of, from top, Dy, CuCly¥", D, CuCle?,
and ZnCl>. The intensity of the ~2820-eV feature reflects the amount
of ligand character in the (1 - a?)"/%(Cu 3d,2.,2) — o(Cl 3p) antibonding
molecular orbital, as seen in the decrease for D,y relative to Dy, and in
the absence of this feature for ZnCl,>, which has a closed 3d shell.

properties of these preedge features can be used to probe covalency
in metal-ligand bonding.

We have studied the ligand K edge of chlorine complexes of
Cu and Zn: Cs,CuCl,,? bis(creatininium)CuCl,$ and Cs,ZnCl,.
The Cu site in Cs,CuCl, is distorted tetrahedral (D,;),! and the
Zn site in Cs,ZnCl, is isostructural.” Bis(creatininium)CuCl,
has a square-planar (D,;) geometry.5 X-ray absorption spec-
troscopy (XAS) edge data were measured at the Stanford Syn-
chrotron Radiation Laboratory by using methodology that has
been previously described.!®

The XAS edges for the three compounds are shown in Figure
1. All three spectra show a primary edge onset at around 2822
eV and a maximum at about 2827 eV. The two D,,; complexes
show very similar edge structure, with an unresolved transition
as a shoulder on the main edge rise, and also very similar features
in the region above the edge. The edge of the Dy, Cu complex
is very different both at its maximum and above the main edge.
The features above the edge arise primarily from continuum shape
resonance effects.!! These will be different for the D,; and D,
complexes because of the difference in the repulsive potentials
expected in the more open D, geometry compared to those for

(5) Prepared as described in the following: Helmholtz, L.; Kruh, R. F. J.
Am. Chem. Soc, 1952, 74, 1176.

(6) Prepared as described in the following: Udupa, M. R.; Krebs, B. Inorg.
Chim. Acta 1979, 33, 241.

(7) Prepared as described in the following: Brehler, B. Z. Kristallogr.,
Kristallgeom., Kristallphys., Kristallchem. 1957, 109, 68.

(8) McGinnety, J. A. J. Am. Chem. Soc. 1972, 94, 8406.

(9) McGinnety, J. A. Inorg. Chem. 1974, 13, 1057.

(10) Data were collected on the unfocused bending magnet beam line 2-3
(for the Cu complexes) and the 54-pole wiggler beam line 6-2 in undulator
mode (see ref 2e) for the Zn complex, using a double-crystal Si(111) mono-
chromator. Data were collected in the fluorescence mode by using an ioni-
zation chamber (Stern, E.; Heald, S. Rev. Sci. Instrum. 1979, 50, 1579) and
a He beam path from the entrance window to the sample and detector window.
Data analysis was performed s in ref 2e. The spectrometer energy resolution
was ~0.5 eV, with a reproducibility of edge position determination of <€0.1
eV. The energy is given relative to the maximum of the first transition of
Na,S,0,:2H,0, which has been set to 2472.0 eV (ref 2¢). The spectra
represent the average of 2-3 scans.

(11) Smith, T. A.; Penner-Hahn, J. E.; Berding, M. A.; Doniach, S.;
Hodgson, K. O. J. Am. Chem. Soc. 1988, 107, 5945.
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Figure 2. Orbital energy diagram showing the transition of the Cl s
electron to the antibonding (1 - a2)'/*(Cu 3d,2.,2) — a(Cl 3p) molecular
orbital.

the tetrahedral case. A striking feature in the spectra is the
appearance of an intense low-energy transition at ~2820 eV for
both Cu(II) complexes but which is absent for the Zn(IT) complex.
Further, it is important to note that the intensity of the 2820-eV
transition is different for the D,; vs D,; Cu(II) complexes.

ZnCl,* contains a d'° closed-shell Zn(II) metal ion. The lowest
energy transition available in this complex for the Cl 1s K edge
is to the unoccupied Cl 4s and 4p orbital levels. The 1s — 4p
transition is electric dipole allowed and is primarily responsible
for the edge transition at 2827 eV and for the similarly intense
edge transitions in the spectra of both the Cu(II) complexes. For
both of the Cu(II) spectra, the appearance of a new feature at
lower energy than the primary edge peak requires the presence
of a transition from Cl to a new lower energy unfilled orbital.
Cu(II) in the CuCl, 2 complexes is a d° open-shell ion, which from
EPR studies has been shown to contain a hole in the 3d,2.,2 orbital
on the Cu atom.'?

The appearance of the additional low-energy 2820-¢V transition
must then correspond to a Cl 1s — Cu 3d,2 2 transition. However,
due to the localized nature of the Cl s orbital, this transition can
only have absorption intensity if the 3d,..,» orbital contains a
significant contribution of Cl p character, which must result from
covalency.

As shown in Figure 2, a bonding interaction between the Cu
3d,2,2 and the valence Cl 3p results in the antibonding wave
function ¥* = (1 - a®)V*Cu 3d,2_2) - a(Cl 3p), where o? rep-
resents the Cl 3p character, contamed in a normalized, symme-
try-adapted molecular orbital encompassing the four Cl ligands.
The lowest energy Cl K-edge transition is thus the Cl 1s — ¢*
transition. The electric dipole intensity for this transition is given
by eq la, where ¢ is a constant. Substitution of y* as given above,
combined with the localized nature of the Cl 1s orbital, results
in eq 1b, where ¢|(Cl 1s|r|CI 3p)|? is simply the intensity of the
pure Cl Is — 3p transition. Thus the intensity observed in the
2820-eV transition is the intensity of a 1s — 3p transition weighted
by o?, the covalent character contained in the antibonding orbital.

I(Cl Is—>y*) = c|(CI Is|rjy*)|? (la)
= a%c|(Cl Is|r|Cl 3p)|? (1b)
= o2(Cl 15—Cl 3p) (1¢)

It is now important to note that the differences in intensity for
the 2820-¢V transition between the D,; and Dy, CuCl % spectra
must reflect the difference in covalency of ¢* in these complexes.
The fact that the 1s — * transition is more intense for the Dy,

(12) Solomon, E. I. Comments Inorg. Chem. 1984, 3, 227.
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complex indicates that o is larger, and hence the 3d,2,2 orbital
is more covalent in character in this complex relative to the D,4
complex. From a variety of more traditional spectroscopy methods
(EPR superhyperfine analysis, etc.), it is established that ¢* in
Dyy CuCly? contains ~61% Cu 3d,2 2 and ~39% Cli 3p char-
acter.'2 On the basis of the experimental intensity ratios for the
2820-eV transition and calibrating it for D,, CuCl to the o?
= 0.39 value, the intensity of the 2820-eV feature gives a cor-
responding value for D,; CuCl,> of a? ~ 0.29 and thus ap-
proximately 71% Cu character. While traditional spectroscopic
approaches are not as accessible for D,; CuCl,*, Xa calculations
predict a decrease of ~6% in the 3d,2_,» orbital on going to the
D,, distorted tetrahedral structure, which is consistent with our
XAS experimental findings.!?

Ligand XAS spectroscopy thus provides a powerful new ap-
proach for probing covalent character in valence orbitals of
transition-metal complexes.'* This method, while having clear
parallels with superhyperfine analysis in EPR, can in many cases
be an advantageous alternative approach, in that obtaining a
resolvable superhyperfine signal is often not possible, as is the case
with D,; CuCl, 2. This XAS method will be most powerful in
the 2-3-keV energy region, based on the high-energy resolution,
which allows it to be applied to P, S, and Cl ligands. Other ligands
such as Br, which have much higher K-edge energies, can also
be studied,'* but the lower energy resolution will make inter-
pretation less straightforward.
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(13) Gewirth, A. A,; Cohen, S. L.; Schugar, H. J.; Solomon, E. I. Inorg.
Chem. 1987, 26, 1133.

(14) The usefulness of ligand XAS in the study of aqueous transition
metal—chloride complexes has been described by Sandstrom: Sandstrom, D.
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The photochemistry of tetrabenzoylethylene was first examined
by van Halban 78 years ago;! however, the structure of the
photoproduct was finally determined to be 4 by White only 11
years ago.? This reaction involves migration of a phenyl group
from carbon to oxygen to generate the cross-conjugated ketene
2,* which undergoes rotation about the center bond to generate
the conformer 3 necessary for the double cyclization that gives

(1) (a) Andres, A. Dissertation, Strasbourg, 1911. (b) van Halban, H,;
Geigel, H. Z. Phys. Chem. 1920, 96, 233. (c) Schmid, H.; Hochweber, M ;
van Halban, H. Helv. Chim. Acta 1947, 30, 1135, (d) Schmid, H.; Ho-
chweber, M.; van Halban, H. Helv. Chim. Acta 1948, 31, 1899,

(2) Cannon, J. R.; Patrick, V. A,; Raston, C. L.; White, A. H. Aust. J.
Chem. 1978, 31, 1265.

(3) Recent evidence supporting ketene intermediates in this reaction has
bTer; published: Rubin, M. B.; Sander, W. W. Tetrahedron Lett. 1987, 28,
5137.
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rise to the dilactone 4. Although no other examples of cyclizations
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of this type are known, it is nonetheless a prototype for a class
of reactions that in their fullest scope could have value in organic
synthesis for carbocyclic as well as heterocyclic systems. We report
here that the reactions of ketoalkynes with group 6 alkenylcarbene
complexes* give bicyclic lactones whose formation can be inter-
preted to be the result of a van Halban-White type double-
cyclization of cross-conjugated ketenes of the type 6.
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As indicated in Table I, bicyclic lactones 15-19 can be obtained
in moderate to excellent yields from the reactions of various
alkenylcarbene complexes*-*>14 with acetylenic ketones, aldehydes,

(4) For recent reviews, see: (a) Dotz, K. H.; Fischer, H.; Hofmann, P.;
Kreissel, F. R.; Schubert, U.; Weiss, K. Transition Metal Carbene Complexes;
Verlag Chemie; Deerfield Beach, FL, 1984. (b) Détz, K. H. Angew. Chem.,
Int. Ed. Engl. 1984, 23, 587. (c) Wulff, W. D.; Tang, P. C.; Chan, K. S.;
McCallum, J. S.; Yang, D. C.; Gilbertson, S. R. Tetrahedron 1985, 41, 5813.
(d) Casey, C. P. React. Intermed. (Wiley) 1985, 3. (e) Chan, K. S.; Peterson,
G. A.; Brandvold, T. A.; Faron, K. L.; Challener, C. A.; Hyldahl, C.; Wulff,
W. D. J. Organomet. Chem. 1987, 334, 9. (f) Collman, J. P.; Hegedus, L.
S.; Norton, J. R.; Finke, R. G. Principles and Applications of Organo-
transition Metal Chemistry; University Science Books: Mill Valley, CA, 1987;
pp 783-815. (g) Détz, K. H.; In Organometallics in Organic Synthesis:
Aspects of a Modern Interdisciplinary Field, tom Dieck, H., de Meijere, A.,
Eds.; Springer: Berlin, 1988. (h) Wulff, W. D. In Advances in Metal-Organic
Chemistry; Liebeskind, L. S., Ed.; JAI Press Inc.: Greenwich, CT, 1989; Vol.
1. (i) Wulff, W. D. In Comprehensive Organic Synthesis; Trost, B. M.,
Fleming, 1., Eds.; Pergamon Press: New York, 1990; Vol. 5.

(5) (a) Tang, P. C.; Wulff, W.D. J. Am. Chem. Soc. 1984, 106, 1132. (b)
Bauta, W. E.; Wulff, W. D.; Pavkovic, S. F.; Saluzec, E. J. J. Org. Chem.
1989, 54, 3249 and citations therein,

(6) Hofmann, P.; Himmerle, M. Angew. Chem., Int. Ed. Engl. 1989, 28,
908.

(7) McCallum, J. S.; Kunng, F. A,; Gilbertson, S. R.. Wulff, W. D. Or-
ganometallics 1988, 7, 2346,

(8) (a) Détz, K. H.; Dietz, R. Chem. Ber. 1977, 110, 1555. (b) Wulff, W.
D.; Chan, K. S,; Tang, P. C. J. Org. Chem. 1984, 49, 2293. (c) Wulff, W.
D.; Tang, P. C. J. Am. Chem. Soc. 1984, 106, 434. (d) Yamashita, A. J. Am.
Chem. Soc. 1985, 107, 5823. (e) Yamashita, A.; Scahill, T. A.; Toy, A.
Tetrahedron Lett. 1985, 26, 2969. (f) Yamashita, A,; Toy, A. Tetrahedron
Lert. 1986, 27, 3471. (g) Herndon, J. W.; Tumer, S. U.; Schnatter, W, F.
K. J. Am. Chem. Soc. 1988, 110, 3334. (h) Boger, D. L.; Jacobson, 1. C.
Tetrahedron Lerr. 1989, 30, 2037.

(9) (a) Wulff, W. D.; Tang, P. C.; McCallum, J. S. J. Am. Chem. Soc.
1981, 103, 7677. (b) Dotz, K. H.; Muhlemeier, J.; Schubert, U.; Orama, O.
J. Organomet. Chem. 1983, 247, 187.

(10) For an additional example, see: Dragisich, V.. Murray, C. K;
Warner, B. P.; Wulff, W. D. J. Am. Chem. Soc., in press.
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