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were passed over the residual Ti02 under pyrolytic conditions. 
With the exception of neopentyl alcohol, no significant dehydration 
was observed. Thus, our study differs from that reported earlier 
by Bradley.3d Since the latter was done under static vacuum, the 
alcohol formed underwent dehydration to generate water, which, 
in turn, caused hydrolysis of the M-OR bonds. As a result, an 
autocatalytic decomposition of the metal alkoxide ensued. 

Table I summarizes our decomposition data. On the basis of 
these, the following conclusions may be drawn. 

The complete absence of any products arising from the scission 
of the C,- -C, bond rules out the formation of alkoxy radicals, 
RO'. This fragmentation mode is known to be particularly facile 
for tertiary and secondary alkoxy radicak8 

The pyrolysis of the cyclopropylcarbinyl alkoxide derivative, 
5, led to the formation of significant amounts of the ring-opened 
allylcarbinyl products. At the same time, no cyclobutyl derivative 
was observed. This product distribution supports at least the 
transient formation of the radical, R'9 (eq 1) but argues against 

(ROIITI-OR e [ (RO),Ti-O. R 1 (1 )  

the formation of the corresponding carbocation, R+.Io Also note 
that the formation of carbocation by charge separation in the gas 
phase is unlikely due to the absence of solvent stabilization of the 
charged species. However,free radicals do not appear to be the 
intermediates in the product formation since the pyrolysis of 4 
did not yield dineopentane, neopentane, and/or 1,1 -dimethyl- 
cyclopropane. These products were obtained from dineopentyl 
magnesium and dineopentyl oxalate' ]-compounds that are ex- 
pected to yield the neopentyl free radical upon flash vacuum 
pyrolysis. 

The R- -0 bond of at least one alkoxide ligand must remain 
unbroken during ether formation, since it is unlikely that ethers 
arise by the termolecular combination of two hydrocarbyl radicals 
with one oxygen atom. Therefore, the formation of diallylcarbinyl 
ether implies that the homolysis of the R - - 0  bond in 5 (eq 1) 
occurs in  a step that is separate from those involved in ether 
formation (eq 2). 

A further feature of the pyrolysis that emerges upon exami- 
nation of the product distribution is that, with the exception of 
4, the ratio of alcohol to ether formed increases markedly on going 
from primary (1 and 5) to secondary (2) to tertiary (3) alkoxide, 
Le., with increasing steric crowding at the a-carbon. This ob- 
servation is most easily explained by a mechanism encompassing 
eqs 2 and 3. Both involve nucleophilic attack by an incipient 

P (R0)2Ti-O-CHR' - (RO)?Ti=O + ROH + CH?=CHR 
1 -  T I  

alkoxide ion. As the a-carbon becomes less accessible, attack on 
the @-hydrogen becomes more prevalent. Steric crowding at the 
a-carbon also causes the hydrogen atoms of the @-methyl group 
to approach the oxygens of the neighboring alkoxide groups. Note 
that the allylcarbinyl derivatives obtained from 5 arise through 
an additional radical-induced ring-opening step9 (eq 1). Although 
the neopentoxide derivative, 4, is a primary alkoxide, it appears 
to undergo decomposition mainly by attack on the y-hydrogen 
(eq 4). However, this is not surprising since models show that 
these hydrogens are quite close to the neighboring alkoxide ox- 
ygens. The skeletal rearrangement shown in eq 4 was previously 

(8) Kochi, J .  K. In Free Radicals: Kochi, J. K., Ed.; Wiley: New York, 
1973; p 683. 

(9) The cyclopropylcarbinyl radical undergoes fast ring opening to the 
allylcarbinyl radical; see: Griller, D.; Ingold, K. U. Acc. Chem. Res. 
1980, 13, 317. 

(IO) Lowry. T. H.; Richardson, K. S. Mechanism and Theory in Organic 
Chemistry; Harper & Row: New York, 1987; p 454. 

( I  1) Reference 7, p 5 5 .  
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03 H-CH? 
( 4 )  

invoked to explain the formation of 2-methylbutenes by the 
dehydration of neopentyl alcohol on alumina.I2 Again, the in- 
termediacy of a discrete carbocation is unlikely due to the lack 
of solvent stabilization in the gas phase. 

Significant quantities of carbonyl compounds are formed during 
the pyrolysis of 1 and 2. Since alkoxide radicals are not involved 
(vide supra), these are presumably formed by a @hydrogen ab- 
straction step (eq 5). Facile @-hydrogen abstraction from metal 

P H  (RO):TI-O--CH2CH? O=CHCH3 + (RO)~TI-H ( R O ~ ~ T I  

- ROH ( 5 )  
I 

OR 
I 

OR 

alkoxides has been reported p r e v i o ~ s l y . ~ ~  Note that eq 5 involves 
a net 2e- reduction of titanium (from +4 to +2). Hence the 
oxidation level of the metal in the titanium oxide derived from 
1 should be lower than that derived from an alkoxide lacking 
@hydrogens (e.g., 3). We are currently examining this possibility. 
If the conclusion is valid, it opens up the interesting possibility 
of varying the oxidation level of the metal in oxides by the proper 
choice of the precursor alkoxide complexes. 

In conclusion, our study allows, for the first time, the delineation 
of the multitude of mechanistic steps involved in the thermal 
decomposition of metal alkoxides. 
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Metal Ions as Ligands: Complexation of Tin(I1) Chloride 
by the Bidentate Ligand [Irz(C0)zC12(Ph,P(CH2),PPh),l 

We have reported that the metallamacrocycle 1, Ir2- 
(CO)2C12(pdpma)2, reacts with a variety of transition-metal ions 
and main-group ions to form complexes in which metal ions are 
bound to the center of the cavity.' For transition metals, this 

1 2 

invariably involves bonding to the two arsenic donors with possible 
additional bonding to the iridium ions, the halide ligands, or the 
carbonyl groups. A few main-group ions (Sn", Pb", TI') bind 
to 1, but the structural information suggests that bonding is 
exclusively through the iridium ions, as shown in Z 2 s 3  Metal- 

( 1 )  (a) Balch, A. L. Pure Appl.  Chem. 1988, 60, 5 5 5 .  (b) Balch, A. L.; 
Fossett, L. A.; Olmstead, M. M.; Oram, D. E.; Reedy, P. E., Jr. J .  Am. 
Chem. SOC. 1985, 107, 5272. 

(2) Balch, A. L.; Nagle, J .  K; Olmstead, M. M.; Reedy, P. E., Jr. J. Am. 
Chem. SOC. 1987, 109, 4123. 

(3)  Balch, 4 .  L.; Olmstead, M. M.; Oram, D. E.; Reedy, P. E., Jr.; Reimer, 
S .H .  J. Am. Chem. SOC. 1989, 111, 4021. 
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lamacrocycles such as 3, which lack the arsenic atoms, should also 
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be capable of binding these main-group ions, but they should also 
be more selective in their binding, since they lack the arsine 
functionality that is necessary for coordination to transition-metal 
ions. Initial work on the large-ring compounds, 3, focused on issues 
of ligand bridges versus chelate ring formation, cyclometalation, 
dehydrogenation of the aliphatic backbone, and addition of small 
m o l e c ~ l e s . ~  Here we describe the preparation of Ir2(C0),C12- 
(p-dppb), ,(3, n = 4, dppb is 1,4-bis(diphenylphosphino)butane) 
and its ability to complex tin and other metal ions. 

Treatment of Ir(CO)2C1@-toluidine) with dppb in toluene a t  
50-55 O C  produced a yellow powder after cooling. Yellow-orange 
crystals of Ir2(CO)zC12(p-dppb)2 (3'P(iHJ N M R  singlet, 18.0 ppm 
in chloroform; IR u(C0) 1946 cm-I (mineral oil mull)) were 
isolated by fractional crystallization from dichloromethane/ 
methanol in 3 0 4 0 %  yield. The structure, as determined by X-ray 
crystallography, is shown in Figure 1 .6 The 14-membered ring 
is centrosymmetric with the two iridium ions separated by 6.683 

Addition of anhydrous tin(l1) chloride to a tetrahydrofuran 
solution of Ir2(C0)2C12(p-dppb)2 produces a blue solution, from 
which crystals of Ir2(SnC12)(CO)2C12(p-dppb)2 were obtained by 
concentration and storage at -5 "C for 5 days. Two views of the 
structure, as determined by X-ray crystallography, are shown in 
Figure 2.' The adduct consists of the intact metallamacrocycle 
with the tin atom bonded to it through the two iridium atoms. 
It has crystallographicaly imposed C, symmetry, with the C, axis 
running through the tin atom and bisecting the C1(2)-Sn-C1(2') 
angle. The tin atom is four-coordinate but considerably distorted 
from idealized tetrahedral coordination. The Ir-Sn-Ir angle of 
138.9 ( I ) "  is considerably wider than 109", while the Cl(2)- 
Sn-Cl(2') angle (90.2 (4)O) is much narrower. The Sn-Cl(2) 
distance (2.459 (9) A) is similar to that seen in 2 (2.443 (7) A)3 
and just slightly shorter than the range (2.47-3.10 A) of Sn-CI 

(1) A. 

(a) Pryde, A. J.; Shaw, B. L.; Weeks, B. J. Chem. Soc., Chem. Com- 
mun. 1973, 947. (b) Sanger, A. R. J .  Chem. Soc., Chem. Commun. 
1975,893. (c) Pryde, A.; Shaw, B. L.; Weeks, B. J .  Chem. Soc., Dalron 
Trans. 1976, 322. (d) Mason, R.; Scollary, G.; Moyle, B.; Hardcaste, 
K. I.; Shaw, B. L.; Moulton, C. J. J .  Organomel. Chem. 1976, 113. C49. 
(e) Sanger, A. R. J. Chem. Soc., Dalton Trans. 1977,120. (f) Sanger, 
A. R. J .  Chem. Soc., Dalfon Trans. 1977, 1971. (g) Clark, P. W. J .  
Organomet. Chem. 1977, 137, 235. (h) AI-Salem, N. A.; Empsall, H. 
D.; Markham, R.; Shaiv, B. L.; Weeks, B. J .  Chem. Soc., Dalton Trans. 
1979, 1972. (i) Crocker, C.; Errington, R. J.; Markham, R.; Moulton, 
C. J.; Odell, K. J.; Shaw, B. L. J .  Am.  Chem. Soc. 1980,102,4373. (j) 
Constable, A. G.; McDonald, W. S.; Shaw, B. L. J .  Chem. Soc., Dalron 
Tram. 1979,1109. (k) March, F. C.; Mason, R.; Thomas, K. M.; Shaw, 
B. L. J .  Chem. Soc., Chem. Commun. 1975, 584. (I) Balch, A. L.; 
Tulyathan, B. Inorg. Chem. 1977, 16,2840. (m) Eisenberg, R.; Fisher, 
B. J. Ann. N.Y. Acad. Sci. 1983, 415, 67. (n) Fisher, B. J.; Eisenberg, 
R. Inorg. Chem. 1984, 23, 3216. ( 0 )  Wang, H.-H.; Pignolet, L. H.; 
Reedy, P. E., Jr.; Olmstead, M. M.; Balch, A. L. Inorg. Chem. 1987, 
26, 377. (p) Balch, A. L.; Davis, B. J.; Olmstead, M. M. Inorg. Chem. 
1989, 28, 3148. 
Sanger in ref 4f reports a singlet at 1.7 ppm for a purported trimer, 
Ir,(CO)JCl~(p-dppb)l. We have not observed any resonance in the 
vicinity of 1.7 ppm in our preparations. 
Yellow-orange parallelepipeds of Ir2(CO)2C12(p-dppb)2.2CH2C12 crys- 
tallize in the triclinic space grou PI (No. 2) with a = 9.333 ( 2 )  A, b 
~ 1 1 . 6 1 1  (2)A,c=14.451 ( 3 ) R a = 7 4 . 9 0 ( 1 ) 0 , 8 = 8 5 . 4 5 ( 1 ) 0 , a n d  
y = 77.8 ( I ) '  at 130 K with 2 = I .  Refinement of 4418 reflections 
with I > 2 4 0  and 334 parameters yielded R = 0.039, R, = 0.040. 
Green plates of Ir2(SnC12)(CO)2C12(pdppb)2.2C,H,0 crystallize in the 
monoclinic space group C2/c No 15) with a = 27.406 ( 1 5 )  A, b = 
17.026 (6) A, c = 15.410 (9) d, and 8 = 91.11 ( 5 ) O  at 130 K with 2 
= 4. Refinement of 2513 reflections with I > 240 and 21 1 parameters 
yielded R = 0.081. R,  = 0.085. 

5 C29' I " I  .P 

Figure 1. Perspective view of Ir2(CO)2C12(p-dppb)2 (4) with 50% ther- 
mal contours for heavy atoms and uniform, arbitrarily sized circles for 
carbon atoms. Selected distances (A): lr-P(l), 2.321 (2); Ir-P(2), 2.322 
(2); lr-Cl(l), 2.350 (3); Ir-C(29), 1.888 (IO); Ir.-lr', 6.683. Angles 
(deg): P(l)-lr-P(2), 175.9 ( I ) ;  Cl(l)-lr-C(29), 178.2 (3). 

Figure 2. Two views of Ir2(SnC12)(CO),Cl,(p-dppb)2 showing 50% 
thermal contours for the heavy atoms and uniform, arbitrarily sized 
circles for the carbon and oxygen atoms. Selected distances (A): Ir-P- 
( I ) ,  2.339 (8); Ir-P(2), 2.341 (8); Ir-Cl(l), 2.364 (7); l r -C( l ) ,  1.84 (3); 
Ir-Sn, 2.751 ( I ) ;  Sn-C1(2), 2.459 (9); Ir-.Ir', 5.151 ( I ) .  Angles (deg): 
P(l)-lr-P(2), 151.4 (3); Cl(1)-lr-C(l), 175.3 (9); Ir-Sn-lr, 138.8 ( I ) ;  
C1(2)-Sn-C1(2'), 90.2 (4); lr-Sn-Cl(2), 99.3 (2); Ir-Sn-CI(Z'), 109.6 
(2). 

distances seen in [SnCI4]*-.* The Ir-Sn distance (2.751 (1) A) 
is very similar to those in 2 (2.741 (2), 2.742 (2) A)3 but somewhat 
longer than the range of Sn-Ir distances (2.57-2.64 A) seen in 
complexes containing the Ir-SnCI3 unit.9 

The metallamacrocycle in the tin chloride adduct has retained 
its basic structure but has undergone some significant changes. 
The Cllr(C0) units no longer have the trans geometry seen in 
the empty macrocycles. Rather, they have a cis arrangement in 

(8) Haupt, J. H.; Huber, F.; Preut, H. 2. Anorg. Allg. Chem. 1976, 422, 
97. 

(9) Porta, P.; Powell, M. H.; Mawby, R. J.; Venanzi, L. M. J .  Chem. Soc. 
1967,455. Balch, A. L.; Waggoner, K. M.; Olmstead, M. M. Inorg. 
Chem. 1988, 27, 45 I 1 .  
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Figure 3. (A)  Electronic absorption and (e) uncorrected emission (&, 
600 n m )  spectra of a dichloromethane solution of [Ir2(SnCI2)- 
( C O ) ~ C I A P - ~ P P ~ ) ~ I .  

the adduct. This change may have been accomplished by rotation 
of the C l l r (C0)  unit about its P-Ir-P axis. The 6.683 (])-A 
separation between the two iridium atoms in the open metalla- 
macrocycle appears sufficient to allow for passage of one Ir-CI 
unit through the central space. The second change involves a 
pronounced bending of the P-Ir-P angle. In the adduct this angle 
is 15 1.4 ( 3 ) O ,  while it is nearly linear (175.9 ( I ) ' )  in the free 
metallamacrocycle. This bending allows the two iridium atoms 
to approach the tin atom and results in a net contraction of the 
Ir-lr separation by 1.532 8, (to 5.151 (1) A) in the adduct. This 
bending appears to have only minor consequences on the CI-Ir-CO 
unit, which remains essentially linear. 

The adduct retains its structure in dichloromethane or tetra- 
hydrofuran solution. The 31P{'H) N M R  spectrum consists of a 
singlet at 9.75 ppm with satellites due to coupling to tin (2J(Sn,P) 
= 96.7 Hz).  The electronic absorption spectrum of the adduct 
is shown in Figure 3. An intense feature a t  600 nm ( e  = 45 000 
M-I cm-I) is responsible for the blue color. The complex is 
luminescent with an intense emission, with A,,, = 647 nm. The 
small Stokes shift and the mirror image relation to the absorption 
spectrum suggest that the emission arises from fluorescence. 
Solutions of this adduct are very sensitive to air. Exposure to the 
atmosphere results in bleaching of the blue color. The 3'P('H] 
N M R  spectrum indicates that the free metallamacrocycle, Ir2- 
(CO)2C12(p-dppb)2, which does not bind dioxygen, is liberated 
in this process. 
Ir2(SnC12)(C0)2C12(p-dppb)2 and [Ir2(SnCI)(CO)2C12(p- 

dpma),]' have a number of important differences. The first is 
a neutral molecule, while the latter is a monocation. The tin is 
four-coordinate in the former, but three-coordinate and planar 
in the latter. Nevertheless, the electronic absorption and emission 
spectra of the two are similar. Thus the added chloride ligand 
in Ir2(SnC12)(C0)2C12(p-dppb)2 serves only to fill a vacant tin 
orbital and does not perturb the essential chromophore, which 
involves the filled d12 orbitals on iridium, the filled s orbital on 
tin, and the empty p orbitals on both iridium and tin.3 If2- 
(SnC12)(CO),C12(p-dppb), is sensitive to oxidation by air, whereas 
[Ir2(SnCI)(C0)2C12(p-dpma)2]+ is not. Treatment of the latter 
with an excess of 18-crown-6 in dichloromethane results in the 
removal of the SnCI' unit, while 18-crown-6 has no effect on 
solutions of Ir2(SnC12)(C0)2C12(pc-dppb)2. 

Ir2(CO),C12(p-dppb), does not react with either (Me2SAuC1) 
or [AuCIJ, species which readily add to 1.Io It does, however, 
form pink and orange complexes on treatment with lead(I1) acetate 
or thallium(1) nitrate. Thus, it appears to have the selectivity that 
we anticipated. Further studies on complexes of the type 3 with 
varying ring sizes are i n  progress. 
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A Novel Coordination Mode for Dithiatetrazocines: 
Preparation, X-ray Structure, and Fluxional Behavior of 
[pt(pphj) ( WPhJ'J'W12 

The coordination chemistry of inorganic sulfur-nitrogen (S-N) 
ligands has been an area of considerable recent activity.'s2 The 
interaction of tetrathiatetrazocine, S4N4, with the platinum group 
metals usually results in fragmentation of the ligand to give metal 
complexes of S-N anions.'q2 There are two complexes, I r (C0)-  
CI(S4N4)(PPh3)3 and Pt(S4N4)C12(PMe2Ph),4 which incorporate 
the tridentate (N,S,S) S4N42- ligand formed by insertion of the 
metal into an S-N bond. In contrast, we have shown that the 
integrity of dithiatetrazocines E2N4S2 ( la ,  E = Me2NC; Ib ,  E 
= Ph2P) is retained in the formation of I : I  complexes with 

I .  1 -  

k S / N  

Is,  E = MeZNC 

platinum, Pt(E2N4S2)(PPh3)2 (2a, E = Me2NC; 2b, E = Ph2P), 
in which the metal-ligand bonding is analogous to that found in 
v2-alkene-platinum complexe~.~  We report here the preparation 
and X-ray structural characterization of the binuclear complex 
[Pt( I,5-Ph4P2N4S2)(PPh3)]2 (3) in which the ligand l b  exhibits 
a novel bonding mode. A variable-temperature 3'P N M R  spec- 
troscopic study of 3 provides evidence for the first example of a 
metallotropic rearrangement in coordination complexes of S-N 
ligands. 

The thermal decomposition of 2b in solution results in the 
dissociation of triphenylphosphine and the formation of the bi- 
nuclear complex, 3.6 This process is reversible; the addition of 
2 molar equivalents of Ph3P to a solution of 3 in CH2C12 slowly 
regenerates 2b. 

b, E = PPh2 

-2PPhj 
2Pt( 1 S-PhP2N&)(PPh3)2 T' 

[Pt(l,5-Ph4P2N4S2)(PPh3)12 ( 1  1 
The structure of 3 was determined by X-ray crystallography.' 

The molecular geometry and atomic numbering scheme are shown 
in Figure I .  The P2N4S2 rings in 3 act as chelating (N,S) ligands 
toward one platinum and form a bridge to the second platinum 
via the other sulfur atom to give a centrosymmetric dimeric 
structure. The geometry around platinum is approximately square 
planar. The sulfur atoms are both three-coordinate and trrns to 
each other, and the Pt-S bond lengths are equal. The coordination 
to platinum results in significant distortions of the geometry of 

Chivers, T.; Edelmann, F. Polyhedron 1986, 5 ,  1661. 
Kelly, P F.; Woollins, J. D. Polyhedron 1986, 5 ,  607. 
Edelmann, F.; Roesky, H. W.; Spang, C.; Noltemeyer, M.; Sheldrick, 
G. M. Angew. Chem. Ini. Ed. Engl. 1986, 25, 931. 

(4) (a) Hursthouse, M .  B.; Motevalli, M.; Kelly, P. F.; Woollins, J .  D. 
Polvhedron 1989,8,997. (b) Kelly, P. F.; Woollins, J .  D. Polyhedron 
1989, 8, 2907. 

( 5 )  Chivers, T.; Dhathathreyan, K. S.; Ziegler, T. J .  Chem. Soc., Chem. 
Commun. 1989, 86. Preliminary X-ray structural data have established 
v2-S,S' bonding for Za, but the structure of Zb has not been ascertained 

(6) A solution of ZbS (0.25 mmol) in toluene (30 mL) was heated at 105 
OC for 6 h under an  atmosphere of dry N2. The bright yellow precipitate 
of 3 (0. I O  mmol, 80%) was isolated by use of a filter needle and iden- 
tified by X-ray crystallography. "P N M R  data for 3 are given in  the 
text. 
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