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pathways in the reactions of concern are noteworthy. The
Beckmann fragmentations, in particular, occur rapidly under mild
conditions and proceed in high yields; these factors attest to the
utility of the process in synthetic chemistry.
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In an effort to couple the reactivity patterns of metal carbene
and metallacycle complexes, we recently prepared the first ex-
amples of isolable, mononuclear metallacycle~carbene complexes,
1-L (L = CI, F; R = CO,CH;) and 2-L (L = CO, H,O;R =
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CO,CH,.! One specific goal in the synthesis of these complexes
was to observe an unprecendented carbene ligand insertion into
the metallacycle ring of a characterized metallacycle—carbene
complex.2 A reductive elimination from the resultant metalla-
cyclohexadiene product would lead to a five-membered carbocycle.
Indeed, we recently observed the reaction of cobalt metallacycles
(e.g., 3) with ethyl diazoacetate to give cyclopentadiene products
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(e.g., 4).> This reaction may involve metallacycle-carbene in-
termediates. Intramolecular migratory coupling reactions of
carbene and (sp®) carbon ligands are precedented:* however, we

(1) O'Connor, J. M,; Pu, L.; Rheingold, A. L. J. Am. Chem. Soc. 1987,
109, 7578. O'Connor, J. M.; Pu, L.; Rheingold, A. L. J. Am. Chem. Soc.,
in press.

(2) Metallacycle—carbene intermediates have been proposed for the ther-
mal decomposition of nickelacyclohexane complexes and for metallacycle
rearrangements in olefin metathesis reactions: Grubbs, R. H.; Miyashita, A.
J. Am. Chem. Soc. 1978, 100, 7418. Biefeld, C. G.; Eick, H. A.; Grubbs, R.
H. Inorg. Chem. 1973, 12, 2166.

(3) O'Connor, J. M,; Pu, L.; Uhrhammer, R.; Johnson, J. A.; Rheingold,
A.L.J. Am. Chem. Soc. 1989, 111, 1889. O'Connor, J. M.; Johnson, J. A.
Synleit 1989, 57.

(4) (a) Sharp, P. R.; Schrock, R. R. J. Organomet. Chem. 1979, 171, 43.
(b) Threlkel, R. S.; Bercaw, E. J. J. Am. Chem. Soc. 1981, 103, 2650. (c)
Jernakoff, P.; Cooper, N. J. J. Am. Chem. Soc. 1984, 106, 3026, and refer-
ences therein. (d) Thorn, D. L. Organometallics 1986, 5, 1897, and references
therein. (¢) McCrindle, R.; Arsenault, G. J.; Farwaha, R.; Hampden-Smith,
M. J.; McAlees, A. J. J. Chem. Soc., Chem. Commun. 1986, 943. (f) Roder,
K.; Werner, H. Angew. Chem., Int. Ed. Engl. 1987, 26, 686, and references
therein. (g) Davey, C. E.; Osborn, V. A.; Winter, M. J.; Woodward, S. In
Advances in Metal Carbene Chemistry; Schubert, U., Ed.; Kluwer Academic:
Dordrecht, The Netherlands, 1989; p 159. (h) Hoover, J. F.; Stryker, J. M.
J. Am. Chem. Soc. 1990, 112, 464. (i) Wang, C.; Lang, M. G.; Sheridan,
J. B.; Rheingold, A. L. J. Am. Chem. Soc. 1990, 112, 3236.
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are aware of only one mononuclear case that appears to involve
a vinyl ligand—carbene ligand coupling. In light of the ready
accessibility of both carbene and metallacycle complexes, the
development of metallacycle—carbene coupling reactions would
represent significant new carbon—carbon bond formation meth-
odology. Herein we report a novel metallacyclopentadiene to
metallacyclobutene conversion,’ which proceeds via carbene ligand
insertion into the carbon-metal bond of a metallacycle.

When a chloroform-d; solution of the neutral metallacycle—-
carbene 1-Cl (0.13 M) is heated at 72 °C, the 'H NMR reso-
nances due to 1-Cl are gradually and quantitatively replaced by
a new set of resonances, which arise from formation of iridia-
cyclobutene 5.7 In the 'H NMR spectrum of §, four singlets (3
H each) are observed at § 2.36, 2.55, 3.30, and 3.62, which are
assigned to the hydrogens of four unique carboxymethyl groups.
'H NMR resonances at § 2.04 (m, 2 H), 3.10 (m, 2 H), and 4.24
(m, 2 H) are consistent with an intact oxacyclopentylidene ring;
however, in the '*C{!H} NMR spectrum of 5, the farthest
downfield resonance is at 187 ppm. Thus the carbene ligand in
1-Cl is no longer present in 5. A broad doublet at 18.22 (J =
67.6 Hz) ppm in the 13C{'H} NMR spectrum is consistent with
an sp’ carbon trans to a PPh; ligand. In the 3'P{'H} NMR
spectrum two doublets are observed at 6 -10.9 (J = 10 Hz) and
-23.9 (J = 10 Hz), indicative of nonequivalent cis PPh, ligands.
The spectroscopic data are thus consistent with either an iridia-
cyclohexadiene structure or the actual iridiacyclobutene structure.

In order to unambiguously determine the structure of complex
5 a single-crystal X-ray diffraction study was performed (Figure
1).# The X-ray results indicate that a remarkable transformation

(5) O'Connor, J. M.; Py, L.; Rheingold, A. L. J. Am. Chem. Soc. 1989,
111, 4129. See also: Maitlis, P. M,; Bailey, N. A.; Adams, H.; Martinez,
J. M. J. Chem. Soc., Chem. Commun. 1989, 286.

(6) MclLain, S. J.; Sancho, J.; Schrock, R. R. J. Am. Chem. Soc. 1979,
101, 5451.

(7) Complete spectroscopic and analytical data for 5, 2-H,0, and 1-F are
provided as supplementary material. Complex 2-H,O was prepared by
treatment of 1-Cl with AgBF, in wet CH,Cl,;, and 1-F was prepared by
treatment of 2-H,O with KF in methylene chloride solution.
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has occurred. Most notably, the carbene carbon in 1-Cl is now
bonded directly to one of the a-carbons of the original metallacycle
ring. In addition, the metallacyclopentadiene has undergone a
novel ring contraction to a metallacyclobutene structure.® The
largest deviation from the metallacycle mean plane is 0.0231 A
at C(2). The Ir-C(1) distance of 2.045 A is similar to that
observed for the related iridium-(sp?)carbon distances in iridia-
cyclopentadiene complexes such as 2-CO (2.101-2.161 A).M10
The metallacycle bond distances also agree closely with those
observed by Thorn for a related iridium(IIT) metallacyclobutene
complex.!!

The rate of reaction of 1-Cl in CDCl; was monitored by 'H
NMR spectroscopy. In the presence of added PPh,, the observed
pseudo-first-order kinetics for conversion to § indicate an inverse
dependence on the phosphine concentration.!? The trans geometry
of the carbene ligand and one of the a-metallacycle carbons in
1-Cl prohibits a direct migration of the cis a-metallacycle carbon
to the carbene ligand.!* Phosphine dissociation, however, leads
to an unsaturated intermediate, which may adopt a square-py-
ramidal geometry (6, Scheme I) from which a migration is fea-
sible.'* Migration and phosphine addition leads to a metalla-
cyclohexadiene intermediate, 7. A 1,3-shift of iridium and co-
ordination of the methoxycarbonyl oxygen would then generate
51516 Whether or not the reaction is chelate-assisted requires
further investigation.

The thermal stability of the metallacycle—carbene complex
depends greatly on the nature of the non-phosphine ligand. Thus,
heating a chloroform solution of 2-CO at 75 °C for 48 h results

(8) Crystal data for § (296 K): Cs,H  ClIrOP,!/,CHClI,, triclinic PI,
a=10209(3) A, b= 13.516 () A, c=19.888 (7) A, a = 83.57 (4)°,8 =
84.85 (3)°, v = 72.63 (4)°, V' = 2598 (2) A}, Z = 2, Dy = 1.491 g cm™3,
u = 28.0cm"!. A platelike yellow specimen (0.06 X 0.23 X 0.3]1 mm) was
used for data collection (Siemens R3m/V, 4.0° < 26 < 45.0°, Mo Ka, 24-25
°C). Of 6784 reflections collected, 6478 were independent (R, = 0.00%) and
4926 with F > 6.00(F) were considered observed and corrected for absorption
by using face-indexed numerical method. (Tpin/ Tres = 0.9475/0.9862). The
Ir atom was located by a heavy atom method. With all non-hydrogen atoms
anisotropically refined and hydrogen atoms treated as riding model, fixed
isotropic U = 0.08 Az R(F) = 5.88%, R(WF) = 1.94%, all data R(F) =
8.50%, GOF = 0.85, A/¢ = 0.045, A(p) = 2.62 ¢ A->. All computer programs
and sources of scattering factors are contained in the SHELXTL program library
(Siemens Corp., Madison, WI).

(9) For a treatment of metallacycle ring strain, see. Moore, S. S.; DiCo-
simo, R.; Sowinski, A. F.; Whitesides, G. M. J. Am. Chem. Soc. 1981, 103,
948.

(10) O'Connor, J. M.; Pu, L.; Rheingold, A. L. Organometallics 1988, 7,
2060.

(11) Calabrese, J. C.; Roe, D. C.; Thorn, D. L.; Tulip, T. H. Organo-
metallics 1984, 3, 1223.

(12) For [1-Cl] = 29.7 mM, [PPh;] = 1.14 M, kg, = 1.15 X 107 57},
[1-Cl] = 31.2 mM, [PPh;] = 0.58 M, kg, = 2.67 X 107*s°%; [1-Cl] = 31.8
mM, [PPh,] = 0.30 M, k,, = 4.13 X 10~*57%; [1-CI] = 31.2 mM, [PPh;] =
0.15M, kg = 7.73 X 1074571,

(13) By analogy to alkyl migration to a carbonyl ligand, carbene-alkyl
coupling reactions presumably involve an alkyl migration to the carbene ligand
rather than a carbene insertion into the metal-alkyl bond. Thorn has observed
alkyl-carbene ligand couplings at iridium(III), which support an alkyl mi-
gration pathway: Thorn, D. L.; Tulip, T. H. J. Am. Chem. Soc. 1981, 103,
5984. Thorn, D. L. Organometallics 1988, 4, 192.

(14) Migration of the metallacycle carbon to the carbene ligand is geo-
metrically feasible from either a square-pyramidal intermediate as shown for
6 or an octahedral bis(phosphine) complex with a facial arrangement of the
three carbon-bound ligands. The required orthogonal carbene ligand orien-
tation with respect to the metallacycle may be facilitated by loss of phosphine;
however, a metallacycle migration to the carbene ligand will still require one
of the above geometries.

(15) Metallacyclohexadiene complex 7 may exist as a 1,2,3,5-n-penta-
2,4-dienediyl ligand in which one of the metallacycle double bonds is coor-
dinated to the metal. The 1,3 iridium shift would then be described as an »°
to n! rearrangement of a x-allyl intermediate: Egan, J. W., Jr.; Hughes, R.
P.; Rheingold, A. L. Organometallics 1987, 6, 1578. Grabowski, N. A.;
Hughes, R. P.; Jaynes, B. S.: Rheingold, A. L. J. Chem. Soc., Chem. Com-
mun. 1986, 1694. Bleeke, J. R.; Peng, W.-J. Organometallics 1987, 6, 1576.

(16) We cannot completely exclude a mechanism involving metallacycle
reversion to two alkynes, with subsequent alkyne—carbene coupling. Ther-
molysis of 1 at 75 °C in the presence of excess dimethyl acetylenedi-
carboxylate-dg leads to catalytic formation of hexa(carboxymethyl)benzene,
8-d,. Compound 1 decomposes under these conditions and no identifiable
iridium-containing products are observed (by 'H NMR spectroscopy). The
partially labeled 8-d, is 10% d,; and 90% dg. This may be indicative of a
minor amount of metallacycle reversion under these conditions.

in only a trace of decomposition, with no evidence for metalla-
cyclohexadiene or cyclopentadiene formation. The much more
labile aquo complex 2-H,O decomposes in dry chloroform solution,
even at 23 °C over the course of 3 days, to give a complex mixture
of the products.”'” In wet chloroform 2-H,0 is stable for more
than 3 days under similar conditions. The neutral fluoro derivative
1-F decomposes slowly at 75 °C and also gives a complex mixture
of products.” Efforts are underway to prepare related metalla-
cycle—carbene complexes that will lead to isolable metallacyclo-
hexadiene products.
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Supplementary Material Available; Full spectroscopic and
analytical data for compounds 2-H,0, 1-F, and 8§, listings of
fractional coordinates, bond distances, bond angles, hydrogen atom
coordinates, and thermal parameters (8 pages); table of observed
and calculated structure factors (25 pages). Ordering information
is given on any current masthead page.

(17) 2-H,0 decomposes in dry chloroform-d, at 23 °C over the course of
3 days to give a number of decomposition products in addition to one major
prouct in 39% yield (by '"H NMR spectroscopy). This product was not
isolated, but spectroscopY on the crude reaction mixture indicated nonequiv-
alent cis PPh, ligands [*'P NMR: §-25.38 (d, J = 11 Hz) and -2.2 (br d,
J = 11 Hz)] as was observed for 5.
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Complexation of the environmentally and economically im-
portant late-transition-metal ions by polythioethers has been
studied in many laboratories.! Surprisingly, however, relatively
little effort has been devoted to exploring how changes in poly-
thioether structure affect the strength and specificity with which
thiophilic metal ions are bound, particularly in comparison with
the large body of work on optimization of polyoxoether complexing
agents for oxophilic cations.2 We now report that simple pe-
ripheral modifications of a macrocyclic tetrathioether can have
a substantial impact on chelation efficacy. A comparison of
structural and solution data on Ni(II) binding by tetrathiothers
1-3? reveals that successive additions of appropriately placed
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gem-dimethyl groups induce macrocycle conformations that are

(1) For leading references, see: (a) Cooper, S. J. Acc. Chem. Res. 1988,
21, 141. (b) Rorabacher, D. B.; Bernardo, M. M.; Vande Linde, A. M. Q.;
Leggett, G. H.; Westerby, B. C.; Martin, M. J.; Ochrymowycz, L. A, Pure
Appl. Chem. 1988, 60, 501. (c) Wilson, G. S.; Swanson, D. D.; Glass, R. S.
Inorg. Chem. 1986, 25, 3827. (d) Blake, A. J; Holder, A. J.; Hyde, T. L;
Schroder, M. J. Chem. Soc., Chem. Commun. 1987, 987. (e) Kiippers, H.;
Wieghardt, K.; Tsay, Y.; Kriiger, C.; Nuber, B.; Weiss, J. Angew. Chem., Int.
Ed. Engl. 1987, 26, 575. (f) Riley, D. P.; Oliver, J. D. Inorg. Chem. 1983,
22, 3361. (g) Murray, S. G.; Hartley, F. R. Chem. Rev. 1981, 81, 365.

(2) (@) Cram, D. J. Ang. Chem., Int. Ed. Engl. 1988, 27, 1009, and
references therein. (b) Lehn, J.-M. Science 1985, 227, 849, and references
therein. (c) Pedersen, C. J. Ang. Chem., Int. Ed. Engl. 1988, 27, 1021, and
references therein.

(3) Synthetic and crystallographic details on all new compounds will be
provided in a full paper. Tetrathioether 2 and the Ni(ClO,), complexes of
2 and 3 have not been previously reported. Yoshida et al. have described Rh(I)
and Ru(II) complexes of 3, but we can find no report on the origin of the
macrocycle itself. See: (a) Yoshida, Y.; Ueda, T.; Adachi, T.; Yamamoto,
K.; Higuchi, T. J. Chem. Soc., Chem. Commun. 1988, 1137, (b) Ueda, T.;
Tamanaka, H.; Adachi, T.; Yoshida, T. Chem. Lett. 1988, 525.
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