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As part of our search for new synthetic methods of forming 
carbon-carbon triple bonds, we attempted to extend 
McMurry’s titanium trichloride-lithium aluminum hydride 
carbonyl coupling reaction’ to a-diketones 
0 0  -0 0- 
I/ I/ TiC1, \ / “Ti(I1)” 

C-C - C=C - C = C - + T i O ,  
/ \ LAH f \ 

A variety of solvents and conditions were examined with little 
suwess, but anomalous behavior in hexamethylphosphoramide 
(HMPA) led us to investigate the reaction of Tic13 with 
HMPA. 

Titanium trichloride forms a trisolvate with tetrahydrofuran 
(THF),2 and there is a terse mention of TiClyHMPA and 
TiC13.2HMPA (both have mp >360 “C, but no other data 
were given) in patent l i t e r a t~ re .~  We found that reaction of 
a purple suspension of Tic13 in THF with 2 mol of HMPA 
under argon resulted in formation of a turquoise suspension 
we attribute to TiC13.2HMPA.4 This suspension was stable 
under argon, but exposure to air or oxygen caused an im- 
mediate color change to yellow and formation of a crystalline 
solid. When 5.0 mmol of TiCly2HMPA in THF was placed 
in contact with pure oxygen at ca. 1 atm, 55.7 ml [2.25 mmol 
(90%) at 25 OC, 750 mm] was absorbed over a total of 96 h.5 
The mass of recrystallized product amounted to 90% of the 
reactant mass. 

The nonconducting yellow crystalline product (mp 230 “C 
dec, sealed capillary) was relatively stable at ambient tem- 
perature except toward moisture. We assign to it structure 
I (mol wt 1057.3) based on the analytical and spectral data 
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given in the Experimental Section. Note that the titanium 
atoms are now in the +4 oxidation state. Of particular 
significance are the Raman band at 970 cm-’ (0-0 stretch6), 
the ir bands at 530, 483 and 1194 cm-I (Ti-07a and O-co- 
ordinated P=07b), and the absence of a uv absorption for 
Ti(III).7a The lone doublet in the ‘H NMR spectrum of I 
further suggests that the HMPA molecules are symmetrically 
arranged at least on the time average at room temperature. 

When oxygen was admitted to the TiC13-3THF suspension 
before HMPA was added, the color slowly (ca. 10 min) 
changed to light yellow, and a clear solution resulted. After 
3 h, HMPA was added and I immediately began to crystallize 
out. 

It is important to compare the above behavior to the re- 
actions of other Ti(II1) complexes with oxygen. Tic13 itself 
is reported8 to give TiC10, which must involve redox at 
chlorine as well as oxygen. More interesting is the reaction 
of Ti(acac)3 with oxygen, which involves a “slow” blue - 
yellow color ~ h a n g e . ~  The product has been assigned structures 
II? III,9b and IV9c mainly on the bases of elemental analyses 

0-0, 

0-0 

I1 111 IV 

(acac)3T 1 -O-Ti(acac)J (acac)*T I =O (acac)2T1< ,Ti(acac)2 

and infrared data.gc [Anal. Calcd for 11: C, 51.00; H, 5.99. 
Calcd for 111: C, 45.82; H, 5.38. Found: C, 45.30; H, 5.60. 
Calcd for IV: C, 43.19; H, 5.07. Found: C, 45.30; H, 7.59.1 
No oxygen uptake experiments were done. Both I11 and IV 
seem to require the oxidation of the acac ligand that is lost. 
On the basis of our results, we feel this compound may be 
better formulated as V, where one of the acac ligands bridges 

v 
both Ti atoms. [Anal. Calcd: C ,  48.34; H, 5.51.1 

Thus it appears that hexacoordinate Ti(II1) is relatively slow 
to react with oxygen, while the pentaccordinated TiC13. 
2HMPA3 reacts readily to form a relatively insoluble per- 
oxo-bridged dimer. Although much work has been done in 
the general area of peroxy-bridged complexes1° and at least 
one peroxo-bridged dimer of Ti(II1) is known,” compound 
I seems to be the first example of monoperoxy-bridged ti- 
tanium(1V). 

Experimental Section 
Instruments. Beckman IR-12, Varian A-60 (lH), RC-16B2 

conductivity bridge, Hitachi RMU-7, Cary 14 (uv), and Spex 1401 
Raman (argon laser) instruments were used. 

Reagents. HMPA was distilled from sodium; THF, from lithium 
aluminum hydride. Tic13 was purchased from Alfa Inorganics. 

Preparation of w-Peroxo-bis[trichlorobis(hexamethylphosphor- 
amide)titanium(IV)]. Titantium trichloride (1.54 g, 10 mmol) and 
50 ml of dry degassed THF were combined in a dry flask under argon. 
The purple suspension was magnetically stirred for 5 min; then 3.58 
g (20 mmol) of HMPA was added via syringe. The mixture was stirred 
for 24 h, during which it became light turquoise; then pure oxygen 
was bubbled in for 36 h. The color changed to yellow as oxygen was 
absorbed (see text). Anhydrous ether (50 ml) was added, and the 
crude yellow solid was isolated by filtration. Recrystallization from 
dry benzene yielded 4.48 g (85%) of I as yellow needles. An oxidation 
period of 96 h yielded 90% of I. Anal. Calcd for C24H72C16N12- 
06P4Ti2 (C, H, N, C1 by Chemalytics, Tempe, Ariz.; Ti by the method 
in “Comprehensive Inorganic Chemistry”, Vol. 3, Pergamon Press, 
Oxford, 1973, p 360): C, 27.26; H, 6.86; N, 15.89; C1, 20.12; Ti, 
9.06. Found: C, 27.06; H, 7.03; N, 15.92; CI, 21.10; Ti, 9.21. 
Conductivity is 0.014 Q-l cm2 mol in CH3N02.14 
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Spectral Data. 'H NMR (CDC13): 6 2.92 (d, J = 10 Hz).12 Uv-vis 
(CH3N02): A,,, 372 nm (log c 3.05). Ir (CHC13, NaCl cells): 2935 
(m), 2850 (m), 2810 (w), 1485 (m), 1460 (m), 1305 (m), 1235 (w), 
1194 (m), 1128 (s), 1070 (m), 1045 (m), 998 (vs), 970 (sh), 759 (m), 
732 (m), 700 (w), 652 (vw) cm-I Ir (Nujol, polyethylene cells): 530 
(m), 483 (s), 380 (sh), 365 (s), 340 (s), 300 (m), 225 (w) cm-I. 
Raman: 1480 (w), 1445 (w), 1420 (w), 1310 (vw), 1155 (m), 1090 
(vw), 1070 (vw). 990 (sh), 970 (vs), 760 (w), 653 (s), 520 (m), 480 
(vw), 360 (m), 307 (s), 220 (w, sh) cm-I. Mass spectrum, m / e  
(relative abundance, assignment): 33213 (4.0, TiC13-HMPA), 29713 
(2.5, TiCITHMPA), 18813 (22, TQ), 179 (100, HMPA), 15313 (37, 
Ti6313), 135 (95, O=P[N(CH3)2]2), 92 (63,O=PN(CH3)2), 44 (61, 
N(CH3)2). 
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The evidence for intermediates of reduced coordination 
numbers arising from rapid induced aquation of coordinated 
ligands in cobalt(II1) amine complexes comes from two 
sources. First, the competition ratios for nucleophiles relative 
to water (both anions and neutral nucleophiles) were essentially 
independent of the leaving group. Second, the stereochemistry 
of the reaction products was also independent of the leaving 
group. 

The induced aquation reactions suitable for yielding the 
second set of data were limited: namely, the nitrosation of 
coordinated azide ioq2 e.g. 

(en),CoClN,' + NO+ + (en),CoC1(NNNN0)2+ 
-, (en),CoCI*' + N, + N,O 

(en) , CoClOH ,' + 

1H,O 

and the Hg2+-catalyzed aquation of halide ion,2 e.g. 

(en),CoC1,' + Hg" --f (en),CoCl'+ + HgCl' 2 (en),CoCIOH, ,+ H O  

A portion of the data suffers from the problem that two such 
examples could coincidentally agree and there is an obvious 
need to generate the intermediate by some other route. This 
aspect of substitution chemistry is complementary of course 
to a need for finding more methods of accelerating what are 
usually relatively slow reactions and to putting the inter- 
mediates to use for synthetic purposes.' 

We report here additional evidence for the five-coordinate 
[Co(en)zX] 2+ intermediates generated by Cl2 oxidation of 
dimethyl sulfoxide (DMSO) in cis-[Co(en)2(DMSO)X]"+ ions 
(X = C1, OH2, DMSO). 
Results and Discussion 

Only one isomer of Co(en)z(DMSO)C12+ is known3 and this 
has been assigned as the cis configuration with DMSO oxygen 
b ~ n d e d ~ , ~  from the amine proton signal pattern in the 'H 
NMR and from the similarity of its visible spectrum to that 
of cis-Co(en)2(0Hz)Cl2+. This cis configuration is now 
confirmed, both by the observation of the small (- 1 Hz at 
100 MHz) diastereotopic splitting in the DMSO methyl 
resonances in the 'H NMR M DCl) and by its resolution 
into catoptric forms (vide infra). The cis assignment for the 
other DMSO (and TMSO)5 complexes reported herein follows 
similarly. 
cis-[Co(en)z(DMSO)Cl](Cl04)2 or [Co(en)2(DMSO)- 

ClINO3C104 (6519 96.8, H2O; €521 112.0, DMSO) reacts 
rapidly (seconds, 20 "C) with excess Cl2 (0.02-0.08 M) in 
dilute solution (3 X to M) in aqueous HC104 
(0.01-0.1 M). The visible spectrum after 5 min (€510 70.5 f 
0.8 (5))6 corresponds to 74 f 1% cis- and 26 f 1% trans- 
Co(en)2(0H2)C12+. Similar experiments in which excess 
(200-fold) NaHC03 was added following oxidation showed 
€510 107 f 2 (3) after 5-10 min. Analysis in terms of Co- 
(en)2C03+ (€510 133.8) and trans-C0(en)2ClOC02(H)"~ (€510 
21 .2)7 revealed an identical isomer composition, 76 f 2% cis. 

(-)-cis- [Co(en)2(DMSO)Cl] (C104)2 ([a1589 -247", [a1 578 
-308", [a1560 -324", [(Y]480 +439", [a1350 +782", 20 "c ,  0.01 
M HC104, c 1.69 X g/ml; [a1589 -197", [a1578 -191°, 
[a1510 +384", [ c Y ] ~ ~ o  +745", 20 "C, DMSO, c 1.75 X 
g/ml) and (-)- [Co(en)2(DMSO)Cl]N03C104 were prepared 
by allowing (-)-cis-[Co(en)zCl2]ClO4 ([a1589 -575°)8 to react 
with AgC104 (1.05 equiv) in DMSO (1 h, 20 "C). Work-up 
by the usual procedure3 yielded crystals of the diperchlorate 
which were recrystallized from water to constant rotation. 
After reaction with C12 in €IC104 (0.01 M) as above the visible 
and rotary dispersion spectra were recorded (€510 70.5 f 0.5 
(2), [M]20ss9 -715 f 20 (2)" M-l m-l, [MI2O578 -935 f 20 
(2)" M-' m-1).9 The properties recorded8 for (-)-cis-[Co- 
(en)2(OH2)Cl]Brz.H20 (6510 91.2, [M]20589 -903", [M120s78 
-1272") and trans-[Co(en)2(0H2)Cl]S04 (€510 11 .O) show 
that the spectrophotometric data correspond to 74 f 1% cis, 
and the polarimetric data, to 76 f 3% (-)-cis product. The 
fraction of optically pure cis product was fixed more precisely 
by quenching with HC03-, as earlier (€510 106.5 f 1.0 (2), 

+6550 f 20"). Optically pure ( - ) - [ C O ( ~ ~ ) ~ C O ~ ] C ~ O ~ O . ~ H ~ O  
in this medium shows [M1205s9 -4590", [M120s78 -5430", 

[MIz05g9 -3480 f 20°, [MI2O57g -4100 f 20°, [MI2O490 




