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Br-Na-018 80.96(8)
Nt-Na-04 67.2(1)
Ni1-Na-018 67.7(1)
04-Na-07 66.98(9)
07-Na-010 €7.0(1)
010-Na-013 €6.4(1)
013-Na-018 83.9(1)

O
Figure 1. Perspective (left) and skeletal (right) drawings of 1-NaBr.

Distances and angles are given in a table as supplementary
material. Values associated with C12 and O13 are not reliable
because of thermal motion or disorder associated with these atoms.
Values for the other atoms in the macrocycle are typical for
macrocyclic polyethers. Values for the amino ester moiety are
also typical for this fragment® except for C16—C17, which is
slightly longer.

The structure fragment shown below depicts the interaction

Na-0I8-CI7 112 2(2)

of the amino ester moiety with the sodium ion. The angle Na—
018-C17 is close to that expected to give maximum overlap of
the carbonyl oxygen lone-pair electrons with the metal. The metal
ion resides slightly (0.647 (2) A) out of the plane defined by the
four atoms (C16, C17, O18, O19) of the ester group. The N1-
C16-C17-018 torsion angle is in the range (-28.4° to 15.0°)
observed for uncomplexed aminoethanoate esters.” In fact, the
more frequent value is closer to 0°. This suggests that the position
of O18 with respect to the macroring is similar in the uncomplexed
and complexed states.

Structural studies of the crystalline state complement the so-
lution binding studies.'! 1In fact, the structure reported here
suggests why 1 is better than a corresponding ether lariat, V-
(2-methoxyethyl)-1-aza-4,7,10,13-tetraoxacyclopentadecane (2)
at binding sodium ion.'> The reason is that ester carbonyl oxygen
is a better donor than ether oxygen. A recent report!® of donor

(8) (a) Gokel, G. W.; Garcia, B. J. Tetrahedron Lett. 1977, 317-320. (b)
Schultz, R. A.; Dishong, D. M.; Gokel, G. W. Tetrahdron Lett. 1981, 22,
2623-2626. (c) Schultz, R. A.; Dishong, D. M.; Gokel, G, W. J. Am. Chem.
Soc. 1982, 104, 625-626.

(9) A search of the Cambridge Crystallographic Data Files!® for the
fragment NCH,C(O)OC produced eight structures matching the moeity. In
two cases the nitrogen was part of a porphyrin; the others were amides. Bond
distances and angles for the fragment were averaged for the eight structures.
The parameter for the mean fragment that did not fall within 0.01 A or 1.0°
of the values in Table I was the C—C distance, mean value, 1.50 (1) A (contact
R. D. G. for further details).

(10) Allen, F. H,; Bellard, S.; Brice, M. D.; Cartwright, B. A.; Doubleday,
A.; Higgs, H.; Hummelink, T.; Hummelink-Peters, B. G.; Kennard, O.;
Motherwell, W. D. S.; Rodgers, J. R.; Watson, D. G. Acta Crystallogr., Sect.
B 1979, B35, 2331-2339.

(11) Goli, D. M.; Dishong, D. M.; Diamond, C. J.; Gokel, G. W. Tetra-
hedron Lett. 1982, 23, 5243-5246.

(12) Homogeneous binding or stability constant (log X,) values in an-
hydrous methanol for 1 and 2 are 4.10 and 3.88, respectively.

(13) Day, M. C.; Medley, J. H.; Ahmad, N. Can. J, Chem. 1983, 61,
1719-1721.

ability of various solvents toward sodium ion states that solvents
with oxygen are better donors than those with nitrogen, i.e.,
O=PN > O=CN > 0=CO > —O— > —N—. This order
parallels solvent polarity and the expected electron density on
oxygen for these functional groups. The strong ligation between
the ester carbonyl oxygen and the sodium ion in this structure
and the larger binding constant for 1 compared to 2 support the
general hypothesis that ester carbonyl oxygen is a better donor
than ether oxygen toward sodium ion.

The structural studies and the solvent donicities study help to
illuminate nitrogen’s role in lariat ethers. The improved binding
observed®>< for N-pivot lariat ethers compared to their C-pivot
analogues should be attributed to the greater flexibility of ligands
attached to nitrogen and not to the complexing ability of nitrogen.
The ease of synthesis and the multitude of possibilities for mod-
ification of the side arm offer considerable advantages for N-pivot
lariat ethers as specific metal ion complexing agents.
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An extensive chemistry is developing around the uranium-
carbon multiple bond in Cp;U=CHPMePhR 1a, R = Me, 1b,
R = Ph, where Cp = 5-CsHs~, Me = CHj;, and Ph = C¢H;.!™3
This includes the insertion of polar, unsaturated molecules™* and
a reaction with [CpFe(CO),}, in which the attachment of a
CHPMePhR ligand from 1 to a terminal carbonyl in [CpFe-
(CO).}, is accompanied by coupling of this terminal carbonyl with
a bridging carbonyl to form an 5':p*-allyl group bonded to two
iron atoms.> We proposed® that the first step in the formation
of this allyl involves the insertion of the terminal carbonyl into
the uranium~carbon multiple bond. In order to gain further insight
into this and related reactions we have investigated the interactions
of 1 with several complexes that contain only terminally bonded
carbonyls and report here that a terminal carbonyl in CpMn(CO),
does, in fact, insert into the uranium—carbon bond in 1a.

After 3 days at ambient temperature, an equimolar mixture
of 1a and CpMn(CO); in THF under dinitrogen produces a
red-brown solution from which crystals of 2 can be obtained in
60% yield after addition of an equal volume of a 1:1 toluene/
pentane solution. The !H NMR spectrum of 2 contains® peaks

(1) Part 3 of this series: Cramer, R. E.; Panchanatheswaren, K.; Gilje, J.
W. J. Am. Chem. Soc. 1984, 106, 1853-1854.

(2) Cramer, R. E.; Maynard, R. B.; Gilje, J. W. Inorg. Chem. 1981, 20,
2466-2470.

(3) (a) Cramer, R. E.; Maynard, R. B,; Paw, J. C; Gilje, J. W. J. Am.
Chem. Soc. 1981, 103, 3589-3590. (b) Cramer, R. E.; Maynard, R. B.; Paw,
J. C.; Gilje, J. W. Organometallics 1983, 2, 1336-1340.

(4) Cramer, R. E.; Maynard, R. B,; Paw, J. C,; Gilje, J. W. Organo-
metallics 1982, 1, 869-871.

(5) Cramer, R. E.; Higa, K. T.; Pruskin, S. L.; Gilje, J. W. J. Am. Chem.
Soc. 1983, 105, 6749-6750.

0002-7863/84/1506-7245%01.50/0 © 1984 American Chemical Society



7246 J. Am. Chem. Soc., Vol. 106, No. 23, 1984

Figure 1. ORTEP drawing of Cp(OC),MnC(OUCp;)=CHPMePh (2A).
The numbering system for 2B can be obtained by adding 50 to the values
in the figure.

Table I. Selected Bond Distances and Angles for
Cp(OC);MnC(OUCp;) CHPMe,Ph

molecule 2A

molecule 2B

Distances (A)

U(1)-0(23) 2.13 (2) U(S1)-0(73) 2.14 (2)
Mn(1)-C(23) 2.02 (4) Mn(51)-C(73) 1.98 (3)
P(1)-C(24) 1.77 (3)  P(51)-C(74) 1.72 (4)
0(23)-C(23) 1.36 (4) O(73)-C(73) 1.38 (4)
C(23)-C(24) 1.36 (5) C(73)-C(74) 1.46 (5)

Bond Angles (deg)
U(1)-0(23)-C(23) 158 (2) UB1-0O(73)-C(73) 163 (2)
Mn(1)-C(23)-0(23) 112 (2) Mn(51)-C(73)-0(73) 113 (2)
Mn(1)-C(23)-C(24) 137 (3) Mn(51)-C(73)-C(74) 138 (3)
0(23)-C(23)-C(24) 111 (3) O(73)-C(73)-C(74) 109 (3)
P(1)-C(24)-C(23) 123 (3) P(51)-C(74)-C(73) 122 (3)

characteristic of the CHPMe,Ph moiety, Cp;U, and CpMn. IR
bands® indicated the presence of terminal carbonyl ligands. To
identify 2 more completely an X-ray crystal structure was un-
dertaken.’

Crystals of 2 belong to the space group Pba2, with unit cell
parameters a = 22.423 (5) A, b = 35.328 (7) A, ¢ = 8.648 (3)
A, V'=6851 (3) A3, and Z = 8. Space group selection, based
on systematic absences, is ambiguous between Pba2 and Pbam.
Attempts to solve the structure in the centrosymmetric space group
Pbam required the U, Mn, and P atoms to lie on a crystallographic
mirror plane and led to unreasonably short interatomic contacts
between molecules. However, refinement in Pba2 resulted in a
successful structural solution. Two independent, but structurally
very similar, molecules, 2A and 2B, a toluene molecule, and a
disordered THF molecule are present in the asymmetric unit. An
ORTEP drawing of 2A is shown in Figure 1, selected bond distances
and angles for 2A and 2B are summarized in Table 1, crystal data
collection is summarized in Table II (supplementary material),
and a complete listing of bond distances and angles for both 2A
and 2B appears in Tables III and IV (supplementary material),
respectively.

In the reaction of 1a with CpMn(CO), a carbonyl group in
CpMn(CO); has added across the uranium—carbon bond in 1b.
Two limiting resonance forms, A, an enolate, and B, a Fischer
carbene complex, can be written to describe the bonding in 2.
Crystal structures are available for the formally similar complexes,
(0C)sCrC(0SiMe;)=CHPMe, (3)® and (MeCsH;)(OC),MnC-

(6) 'H NMR (THF-ds, 100 MHz) 8 32.5 (PCH, d, | H, Jpcy = 28 Hz),
10.4 (Ph, ortho, m, 2 H), 8.34 (meta, m, 2 H), 7.30 (para, m, | H), 4.86
(CpMn, 5, 5 H), 4.58 (MeP, d, 6 H, Jpcy = 27 Hz), -10.86 (Cp,U, 5, 15 H).
IR (Nujol mull on KBr plates) 1800-2100, 2005 (w), 1940 (m), 1900 (s),
1820 cm™ (s). Anal. Caled for U,Mn,P,CosHgoO: C, 51.73; H, 4.63.
Found: C, 51.72; H, 3.84.

(7) A single crystal was mounted in a glass capillary and sealed under
nitrogen. X-ray data were collected by use of a Syntex P1 diffractometer.
The structure was solved with SHELX-76, a system of computer programs
for X-ray structure determination by G. M. Sheldrick, 1976, using Patterson
methods to locate the uranium, followed by refinements and Fourier maps to
locate the remaining atoms. The carbon atoms in the Cp groups and those
in the phenyl rings were refined as rigid bodies by use of the standard pa-
rameters contained in SHELX-76.

(8) Malisch, W.; Blau, H.; Schubert, U. J. Organomet. Chem. 1982, 232,
C33-C40.
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0—UCp3
CpaU==CHPMezPh + CpMn{CO)3 — Cp(OC)aMn—C ———
\\ —H
MePhP
A
O0——UCp3

Cp(0C)z2Mn=—=C
C—H

MegF’hF’//
B

(OMe)=CHPMe, (4).° The bonding in 3 and 4 has been de-
scribed®” in terms of a resonance form analogous to A, where the
metal~carbon bond has less double-bond character than in Fischer
carbene complexes. Likewise, the Mn—C(23), in 2A, and Mn-
C(73), in 2B, bond distances lie between the values of 1.87 and
1.89 A expected!® for Mn==C double bonds and 2.15 A estimated!!
for a Mn—C single bond. In contrast, the metal-carbon multiple
bond in Cp,W=C(H)OZr(H)(C;sMes), a compound that forms
by insertion of coordinated CO into a Zr-H single bond, is short
when compared to other compounds that contain tungsten—carbon
double bonds.!?

As expected for resonance form A, Mn, P, and O are coplanar
with C(23)-C(24) or C(73)-C(74). The orientation of this plane
about the Mn—C bond is gauche to both carbonyls and the Cp
group. This is not the usual configuration for Fischer carbene
complexes, where orbital overlap favors an orientation that eclipses
the Cp group!*!* but is consistent with a single Mn—C bond where
the conformation is determined largely by steric effects. Other
bond distances and angles are also consistent with A. However,
due to the large standard deviations in the metrical parameters,
a delocalized combination of A and B cannot be ruled out.

The geometry about the uranium is normal. In accord with
our observations of multiple-bond character in bonds between
multiple electron pair donor atoms and U(IV),! we expect that
the uranium-oxygen bond in 2 may possess multiple-bond
character. The U—O distance is, indeed, quite short, 2.13 (1)
A, which is shorter than the U=N bond in Cp;U=NPh,, 2.29
(1) A, and only a little longer than the U=N bond in Cp,;U=
NCMeCHPMePh,, 2.06 (1) Al As expected for a multiply
bonded U-O linkage, the U-O-C angle is large, 160 (1)°, the
same as that observed for the uranium-nitrogen triple-bonded
system, 161 (1)°.! This geometry is similar to that observed for
other uranium alkoxides.'

The reactivity of the uranium-carbon multiple bond with co-
ordinated carbon monoxide is extraordinary. Other metal com-
pounds that contain metal-carbon multiple bonds are not known
to react with the CO moiety in metal carbonyl complexes. In fact,
most of the Fischer carbene complexes contain both a metal-
carbon multiple bond and coordinated carbon monoxide lig-
ands.!”2®  In both the reaction of CpMn(CO); and [CpFe-

(9) (a) Malisch, W.; Blau, H.; Schubert, U. 4ngew. Chem., Int. Ed. Engl.
1970, 19, 1020-1021. (b) Malisch, W.; Blau, H.; Schubert, U. Chem. Ber.
1983, 116, 690-709.

(10) Schubert, U. Organometallics 1982, I, 1085-1088.

(11) Hadicke, E.; Hoppe, W. Acta Crystallogr., Sect. B 1971, B27, 760.

(12) Wolczanski, P. T.; Threlkel, R. S.; Bercaw, J. E. J. Am. Chem. Soc.
1979, 101, 218-220.

(13) Kostic, N.; Fenske, R. F. J. Am. Chem. Soc. 1982, 104, 3879-3884.

(14) Schilling, B. E. R,; Hoffmann, R.; Lichtenberger, G. J. Am. Chem.
Soc. 1979, 101, 585-591.

(15) Cramer, R. E.; Engelhardt, U.; Higa, K. T.; Gilje, J. W., unpublished
data.

(16) Brunelli, M.; Perego, G.; Lugli, G.; Massei, A. J. Chem. Soc., Dalton
Trans. 1979, 861-868,

(17) Semmelhack, M. F.; Tamura, R. J. Am. Chem. Soc. 1983, 105,
6750-6752.

(18) Casey, C. P.; Burkhardt, T. J. J. Am. Chem. Soc. 1973, 95,
5833-5834.

(19) Huttner, G.; Regler, D. Chem. Ber. 1972, 105, 1230-1244.

(20) Fischer, E. O.; Meineke, E. W.; Kreissl, F. R. Chem. Ber. 19717, 110,
1140-1147.
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(CO),],* with 1, the CO bond order decreases from 3 to less than
2 and uranium becomes tightly bonded to oxygen. This ability
of the uranium—carbon multiple bond to react with and reduce
coordinated carbon monoxide indicates potential use of 1 and
related compounds as reagents in organometallic synthesis and
may have relevance to the catalytic reduction of CO.
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Metals are unique among the elements in that they are often
miscible with each other; i.e., they can be blended in the melt to
form alloys, metallic composites consisting of two or more metals.
In certain instances, homogeneous alloys (substitutional solid
solutions, interstitial solid solutions, and/or intermetallic com-
pounds) can be formed over a wide range of compositions. These
homogeneous alloys are generally formed in the melt, and, ac-
cordingly, the possibility of their formation by stoichiometric
reaction of two or more elements or compounds to yield a new
metallic compound (alloy) has been generally overlooked.

We have found that metallic alloys, homogeneous crystalline
compounds of trigonal Se and Te, can be formed quantitatively
via the stoichiometric coreduction of compounds (esters) of Se
and Te. The formation of chalcogenide alloys by chemical reaction
is not unique to Se and Te. In fact, we have prepared homoge-
neous crystalline binary alloys of Se with S and As as well as
crystalline ternary alloys of Se-Te—As via coreduction of stoi-
chiometric mixtures of their corresponding esters.! We predict,
given the identification of chemistry suitable for the generation
of two or more metals from soluble metal precursors of the same
genre, that a wide range of metal alloys can be formed by chemical
reaction.

Specific interchalcogenide compounds have been prepared by
redox reactions;> however, we do not know of any reports in the
literature of the alloying of metals across a continuous range of
composition by chemical reactions. There are also analogies
between our observation of alloying of Se~Te by coreduction and
the formation of intermetallic compounds of transition metals by

Y Current address: Virginia Polytechnic Institute & State University,
Blacksburg, VA 24061.

(1) Badesha, S. S.; Smith, T. W. U.S. Pat. 4460 408.

(2) Alicino, J. F.; Kowald, J. A. In “Organic Selenium Compounds, Their
Chemistry and Biology”; Klayman, D. L.; Gunther, W, H. H., Eds.; Wiley:
New York, 1973; p 1058.

Table I. Chemical Alloying of Se and Te

alloy compn®

mole ratio of Se

and Te esters obtained mp,t °C
0.93/0.07 Segs3Te0n 232
0.86/0.13 SeqgsTeos 251
0.61/0.39 Seq.52Teo.38 317
0.41/0.59 Seq 41 Teq s 374
0.28/0.72 SegaTeqn 412
0.15/0.85 Seq.16T €04 437

% Alloy compositions were determined by X-ray fluorescence spec-
troscopy. ?Melting points were determined by differential scanning
calorimetry, and the values listed are for the center of the peak.

redox condensation.>* While this chemistry is generally directed
toward the formation of discrete covalent organometallic clusters,
it is not difficult to see these intermetallic clusters as precursors
to crystalline metallic alloys.

Following on our earlier work in which chalcogenide esters were
reduced to their corresponding elements,® we have found that
crystalline alloys can be simply prepared by the coreduction of
mixtures of chalcogenide esters. The chemistry is typified by Se
and Te. We have reduced solutions of Se!¥ and Te!¥ compounds
(dialkyl selenites,>” tetraalkoxytelluranes,®*? or glycol solutions
of SeO, and TeO,) with hydrazine to obtain stoichiometric
crystalline alloys of Se,Te,_,.

N;H,
SelV + TelV —— Se,Te,_, + Nt
xmol 1-xmol
In a typical procedure, anhydrous hydrazine, 98%, is added
dropwise and at ambient temperature to stirred solutions of diethyl
selenite and tetraalkoxytellurane. The mole ratio of the esters
is selected to correspond to the specific composition of crystalline
Se~Te alloy desired. Immediately upon addition of N,H,, a black
colloidal precipitate forms. The reaction is exothermic, and the
exotherm is controlled by the rate of N,H, addition. Completion
of the reaction is normally indicated by the cessation of N, gas
evolution. By this procedure, Se,Te,_, alloys have been obtained
in which x has been varied between 0.1 and 0.9. Yields of alloy
are quantitative.
Table I summarizes our work on the preparation of Se~Te alloys
by stoichiometric coreduction of Se and Te esters.
There are a number of important aspects of the data in Table
I that deserve discussion. First, and most surprising, is the fact
that the mole ratio of the esters in the solution is mirrored in the
composition of the resulting alloy. If we view the process as one
in which atoms of Se and Te are formed on reduction of the esters,
followed by nucleation of colloidal alloy particles, then, for alloying
to occur, the rate of reduction of the Se and Te esters must be
comparable.!® In fact, the rates of reduction must be nearly
identical for the stoichiometry of the alloy to mirror the stoi-
chiometry of the esters. The formation of homogeneous alloys
during the precipitation of particles is an indication that Se-Te
alloys are substitutional solid solutions. All of the Se,Te,_, samples
prepared by coreduction are homogeneous and crystalline. The
homogeneity and crystallinity of the alloys was confirmed by X-ray
diffraction analysis (XRD).!'"*> The melting points, determined
by differential scanning calorimetry (DSC) and shown in the table,
correspond very well with those that one would calculate by in-

(3) Chini, P.; Heaton, B. T. Top. Curr. Chem. 1977, 71, 1.

(4) Chini, P.; Longoni, G.; Albano, V. G. Ady. Organomet. Chem. 1976,
14, 285.

(5) Badesha, S. S.; Monczka, P.; Smith, S. D. Can. J. Chem. 1983, 61,
2199.

(6) Meerwein, H.,; Bersin, T. Justus Liebigs Ann. Chem. 1929, 476, 113.

(7) Mehrotra, R. C.; Mathur, S. N. J. Indian Chem. Soc. 1968, 42, 748.

(8) Simon, A.; Heintz, G. Naturwissenschaften 1960, 47, 468.

(9) Denney, D. B.; Denney, D. Z.; Hammond, P. J.; Hus, Y. F. J. Am.
Chem. Soc. 1981, 103, 2340,

(10) A detailed study of the reduction and hydrolysis kinetics of the esters
is in progress at the present time.

(11) Watanabe, H.; Kao, K. C. Jpn. J. Appl. Phys. 1979, 18, 1849.

(12) Dutchak, Ya. I.; Ignat’av, E. G.; Mudryi, S. I; Okhotin, A. S., Kosm.
Tekhnol. Materialoved. 1982, 138; Chem. Abstr. 1982, 97, 1693824,

(13) Vermaak, J. S.; Petruzzelo, J. J. Appl. Phys. 1982, 53, 6809.
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