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Chromium(I1) Organochromates. Preparation, 
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The synthesis, characterization, and stability properties of a novel series of Cr(I1) alkylchromates 
together with their transformation into unprecedented alkylidene (Schrock-type) Cr(II1) species 
and Cr(I1) and Cr(II1) metallacycles is described. Reaction of CrC12(THF)2 with 4 equiv of RLi 
[R = Me, PhCH2, (CH3)3CCH2, (CH&C(Ph)CH2] led to  the initial formation of the corresponding 
R8Cr2Li4(THF)4 (1) which were isolated as thermally labile and almost diamagnetic crystalline 
solids. Treatment of these complexes with TMEDA [N,N,N',N'-tetramethylethylenediaminel 
gave different species containing either Cr(I1) or Cr(III), depending on the nature of the alkyl. 
While in the case of the methyl derivative the monomeric MerCr[Li(TMEDA)lz (2) was reversibly 
formed, another diamagnetic Cr(I1) complex (PhCH2)6Crz[Li(TMEDA)12 (3), likely dimeric, 
was obtained in the case of the benzyl derivative. Addition of TMEDA to the in situ prepared 
diamagnetic [ (CH~)~CCH~]~C~Z[L~(THF)I~ gave the chromacyclobutane species [(CH3)3- 
CCH~]~[CHZC(CH~)ZCH~]C~[L~(TMEDA)I~ (4). In the case of the corresponding neophyl 
derivative a Cr(II1) complex [O-C~H~C(CH~)~CHZ]~C~(TMEDA)] [Li(TMEDA)2] (5) was obtained 
via an unexplained oxidation reaction. The utilization of a RLi:Cr stoichiometric ratio of 2:1, 
in the presence of TMEDA, led to the formation of the corresponding paramagnetic dialkyl 
species (TMEDA)CrRz [R = CH2Ph (71, CHzC(CH3)3 (8), CH2C(Ph)(CH3)2 (9)l. In these three 
cases there is evidence that the reaction proceeds via formation of the intermediate 
monosubstitution product (TMEDA)CrR(p-Cl) [LiCl(TMEDA)]. In the case of the crystalline 
benzyl derivative (6) the product was isolated in analytically pure form. Finally, the employment 
of a PhCH2Li:Cr stoichiometric ratio of 3:l formed a Cr(II1) complex, probably an alkylidene 
species (TMEDA)Cr(CHPh)CHzPh (10). The structures of 4-7, 9, and 10 were clarified by 
X-ray analysis. Crystal data are as follows. 4: C2&4N4Li2Cr, M = 510.71, monoclinic, C2/c, 
a = 14.72(4) A, b = 14.100(6) A, c = 16.94(2) A, /3 = 106.6(1)", V = 3367 A3, 2 = 4, T = -160 
"C, Mo K a ,  R = 0.061, R, = 0.047 for 1197 reflections out of 1726 unique. 5: C3&&"CrLi, 
M = 671.96, monoclinic, P2'/n, a = 11.629(2) A, b = 23.259(5) A, c = 15.726(3) A, /3 = 107.89(1)", 
V = 4048(1) A3, 2 = 4, T = -160 "C, Mo Ka,  R = 0.059, R,= 0.069 for 4003 reflections out of 
7344 unique. 6: C25H55N6CrC13Li2, M = 611.99, triclinic, P1, a = 11.976(5) A, b = 17.251(5) A, 
"C, Mo Ka,  R = 0.066, R, = 0.071 for 4189 reflections out of 6258 unique. 7: CZOH~ONZC~,  M 
= 350.47, monoclinic, P21/n, a = 9.596(1) A, b = 18.128(2) A, c = 11.803(1) A, /3 = 110.692(9)", 
V = 1980.8(4) A3, 2 = 4, T = -157 "C, Mo Ka,  R = 0.029, R, = 0.041 for 2901 reflections out 
of 3503 unique. 9: C ~ ~ H ~ ~ N Z C F ,  M = 434.63, orthorhombic, Pbcn, a = 15.808(8) A, b = 9.562(4) 
A, c = 16.036(5) A, V = 2424(3) A3, 2 = 4, T = -160 "C, Mo Ka,  R = 0.041, R ,  = 0.057 for 1604 
reflections out of 2439 unique; 10: C Z O H Z ~ N ~ C ~ ,  M = 349.46, orthorhombic, Pbca, a = 23.085(5) 

R, = 0.072 for 2477 reflections out of 3725 unique. 

c = 8.828(3) A, CY = 92.43(3)", /3 = 101.79(3)", 7 = 84.05(3)", V = 1775(1) A3, 2 = 2, T = -160 

A, b = 14.455(6) A, c = 11.243(3) A, V = 3751(3) A3, 2 = 8, T = -158 "C, MO Ka,  R = 0.064, 

Introduction 

Metallacycle' and Schrock-type carbenes2 of Mo and W 
play a fundamental role in a series of synthetically useful 
transformations3 and some important catalytic proce~ses.~ 
By way of contrast, chromacyclobutane species and 

0 Abstract published in Adoance ACS Abstracts, March 1, 1994. 
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R. E.; Smith, M. J. J. Chem. SOC., Dalton Trans. 1977, 1131. (b) 
Freudenberger, J. H.; Schrock, R. R.; Churchill, M. R.; Rheingold, A. L.; 
Ziller, J. W. Organometallics 1984,3,1563. (c )  Schrock, R. R.; Rocklage, 
S.; Wengrovius, J.; Rupprecht, G.; Fellman, J. J. Mol. Catal. 1980,8,73. 

(2) (a) Clark, D. N.; Schrock, R. R. J.  Am. Chem. SOC. 1978,100,6774. 
(b) Schrock, R. R.; Clark, D. N.; Sancho, J.; Wengrovius, J. H.; Rocklage, 
S. M.; Pedersen, S. F. Organometallics 1982, 1, 1645. (c)  Liu, A. H.; 
Murray, R. C.; Dewan, J. C.; Santarsiero, B. D.; Schrock, R. R. J. Am. 
Chem. SOC. 1987,109,4282. (d) Herrmann, W. A. Adu. Organomet. Chem. 
1982,20,159. (e) Oskam, J. H.; Schrock, R. R. J.  Am. Chem. SOC. 1992, 
114,7588 and references cited therein. (0 Wengrovius, J. H.; Sancho, J.; 
Schrock,R. R. J. Am. Chem. SOC. 1981,103,3932. (g) Sancho, J.;Schrock, 
R. R. J.Mol. Catal. 1982,15,75. (h) Schrock, R. R. Acc. Chem. Res. 1986, 
19, 342. (i) Kress, J.; Wesolek, M.; Osborn, J. A. J.  Chem. Soc., Chem. 
Commun. 1982,514. 
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chromium alkylidenes remain almost unknown5 despite 
the remarkable devleopment of the chemistry of Fisher- 
type chromium(I1) carbenesa6v7 Since these species are 

~ ~~~ 

(3) (a) Katz, T. J.; Acton, N. Tetrahedron. Lett. 1976,4251. (b) Katz, 
T. J.; Hersch, W. H. Tetrahedron Lett. 1977, 585. (c )  Katz, T. J.; Lee, 
S. J.; Acton, N. TetrahedronLett. 1976,4247. (d) Schrock, R. R. Science 
1983,219, 13. (e) Bazan, G. C.; Oskam, J. H.; Cho, H. N.; Park, L. Y.; 
Schrock, R. R. J. Am. Chem. SOC. 1991,113,6899. (0 Churchill, M. R.; 
Ziller, J. W.; Freudenberger, J. H.; Schrock, R. R. Organometallics 1984, 
3,1554. (g) McCullough, L. G.; Schrock, R. R. J. Am. Chem. SOC. 1984, 
106,4067. (h) Fu, G. C.; Grubbs,R. H.J. Am. Chem. SOC. 1992,114,7324. 
(i) Kress, J.; Osborn, J. A. J. Am. Chem. SOC. 1983, 105, 6346. 

(4) (a) Bazan, G. C.; Schrock, R. R.; Cho, H.; Gibson, V. C. Macro- 
molecules 1991,24,4495. (b) Sailor, M. J.; Gingsburg, E. J.; Gorman, C. 
B.;Kumar, A,; Grubbs,R. H. Science 1990,249,1146. (c) Wu, Z.; Wheeler, 
D. R.; Grubbs, R. H. J.  Am. Chem. SOC. 1992,114,146. (d) Wengrovius, 
J. H.; Schrock, R. R.; Churchill, M. R.; Missert, J. R.; Youngs, W. J. J. 
Am. Chem.Soc. 1980,102,4515. (e) Dragutan,V.; Balaban,A.T.;Dimonie, 
M. Olefin Metathesis and Ring Opening Polymerization of Cyclo-olefins, 
2nd ed.; Wiley-Interscience: New York, 1985. (0 Gilliom, R. L.; Grubbs, 
R. H. J. Am. Chem. SOC. 1986, 108, 733. (9) Bazan, G.; Khosravi, E.; 
Schrock, R. R.; Feast, W. J.; Gibson, V. C.; OReagan, M. B.; Thomas, J. 
K.; Davis, W. M. J. Am. Chem. SOC. 1990,112,8378. (h) Katz, T. J.; Lee, 
S. J. J. Am. Chem. SOC. 1980, 102, 422. 
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Chromium(II) Organochromates 

currently used in quite a number of stoichiometric metal- 
promoted transformations,8 we became interested in the 
preparation of low- and medium-valent chromium alkyl- 
idenes (Schrock-type). An electron-rich configuration of 
the chromium atom is in fact expected to offer a variety 
of reactivity patterns due to the ability of the low-valent 
metal to perform oxidative addition reactions, thus further 
extending the range of reactivity and catalytic perfor- 
mances. Since Cr(I1) alkyls are the most obvious pre- 
cursors for the preparation of Cr(I1) carbenes and met- 
allacycles, and since examples of divalent chromium 
organometallics remain relatively rareg (apart from the 
quadruply bonded systems), we have recently undertaken 
a systematic synthetic study to clarify the structure, 
synthesis, and stability features of these species. 

Last, but not least, interest in the chemistry of divalent 
chromium alkyls is attracted by the behavior of the few 
existing dinuclear Cr(I1) complexes of nonchelating alkyls. 
A literature survey suggested that monodentate alkyls 
might possess a unique ability to bridge dichromium 
species, thus favoring the occurrence of short or extremely 
short Cr-Cr c o n t a ~ t s . ~ ~ - j J ~  In an attempt to understand 
this important characteristic, we have recently revisited 
the chemistry of Me&r2[Li(THF)14,l1 finding, despite the 
presence of a very short intermetallic contact, that no 
significant Cr-Cr bond exists in this species.12 While the 
factors which are capable of enforcing the remarkably short 

(5) (a) Noh, S. K.;Heintz,R. A.; Janiak, C.; Sendlinger, S. C.;Theopold, 
K. H. Angew. Chem., Znt. Ed. Engl. 1990,29,775. (b) Hubbard, J. L.; 
McVicor, W. K. J .  Am. Chem. SOC. 1986,108,6422. 

(6) For a topic review see, for example: Dotz, K. H. Angew. Chem., 
Int. Ed. Engl. 1984,23,587 and references cited therein. 

(7) (a) Dotz, K. H. Pure Appl. Chem. 1983,55, 1689. (b) Wulff, W. 
D.; Tang, P. C. J .  Am. Chem. SOC. 1984,106,434. (c) Semmelhack, M. 
F.; Tamura, R.; Schnatter, W.; Springer, J. J .  Am. Chem. SOC. 1984,106, 
5363. (d) Hegedus, L. S.; McGuire, M. A.; Schultze, L. M.; Yijun, C.; 
Anderson, 0. P. J .  Am. Chem. SOC. 1984, 106, 5363. (e) Dotz, K. H. 
Transition metal Carbene Complexes; Verlag-Chemie: Deerfield Beach, 
FL, 1983. (0 Macomber, D. W.; Hung, M. H.; Madhukar, P.; Liang, H.; 
Rogers,R. D. Organometallics 1991,10,737. (g)Bemasconi,C.;Stronach, 
M. W. J.  Am. Chem. SOC. 1993, 115, 1341. 

(8) See, for example: (a) Betachart, C.; Hegedus, L. S. J. Am. Chem. 
SOC. 1992,114, 5010. (b) Hegedus, L. S.; McGuire, M. A.; Schultze, L. 
M.; Yijun, C.; Anderson, 0. P. J .  Am. Chem. SOC. 1984,106, 2680. (c) 
Borel, C.; Hegedus, L. S.; Krebs, J.; Satoh, Y. J .  Am. Chem. Soe. 1987, 
109, 1101. (d) Hegedua, L. S.; Schultze, L. M.; Toro, J.; Yijun, C. 
Tetrahedron 1985, 41, 5833. (e) Hegedus, L. S.; DAndrea, S. J. Org. 
Chem. 1988,53,3113. (0 Grotjahn, D. B.; Kroll, F. E. K.; Schafer, T., 
Harms, K.; Dotz, K. H. Organometallics 1992, 11, 298 and references 
cited therein. (g) Merlic, C. A,; Xu, D.; Khan, S. I. Organometallics 1992, 
11,412. (h) Lattuada,L.;Licandro,E.;Maiorana,S.;Molinari,H.;Papagni, 
A. Organometallics 1991,10,807. (i) Rahm, A.; Wulff, W. D.; Rheingold, 
A. L. Organometallics 1993,12,597. (j) Challener, C. A.; Wulff, W. D.; 
Anderson, B. A.; Chamberlin, S.; Faron, K. L.; Kim, 0. K.; Murray, C. 
K.; Xu, Y.;Yang,D. C.;Darling, S. D. J.Am. Chem.Soc. 1993,115,1359. 
(k) Zora, M.; Herndon, J. W. Organometallics 1993,12, 248. 
(9) (a)Betz,P.;Jolly,P. W.;Kruger,C.;Zaknewski,U.Organometallics 

1991,10,3520. (b) Aoki, T.; Furusaki, A.; Tomiie, Y.; Ono, K.; Tanaka, 
K. Bull. Chem. SOC. Jpn. 1969,42,545. (c) Hermes, A. R.; Morris, R. J.; 
Girolami, G. S. Organometallics 1988,7,2372. (d) Girolami, G. S.; Salt, 
J. E.; Wilkinson, G.; Thornton-Pett, M.; Hursthouse, M. B. J. Am. Chem. 
SOC. 1983,105,5954. (e) Girolami, G. S.; Wilkiison, G.; Galas, A. M. R.; 
Thomton-Pett, M.; Hursthouse, M. B. J.  Chem. Soc.,Dalton Trans. 1985, 
1339. (0 Edema, J. J. H.; Gambarotta, S. VanBolhuis, F.; Smeets, W. J. 
J.; Spel, A. L.; Chiang, M. Y. J.  Organomet. Chem. 1990, 389, 47. (8) 
Edema, J. J. H.; Gambarotta, S. Organometallics 1992, 11, 2452. (h) 
Hursthouse, M. B.; Malik, K. M. A.; Sales, K. D. J. Chem. SOC., Dalton 
Trans. 1978, 1314. (i) Andersen, R. A.; Jones, R. A.; Wilkinson, G. J .  
Chem. SOC., Dalton Trans. 1978,446. (j) Manzer, L. E. J.  Am. Chem. 
SOC. 1978, 100, 8068. (k) Krausse, J.; Schodl, J. J. Organomet. Chem. 
1971,27,59. (1) Koschmeider, S. U.; McGilligar, B. S.; McDermott, G.; 
Arnold, J.; Wilkinson, G.; Hursthouse, M. B. J.  Chem.Soc., Dalton Trans. 
1990,3427. 

(10) Hubbard, J. V.; McVicar, W. K. Inorg. Chem. 1992,31,910 and 
references cited therein. 

(11) Krausse, J.; Marx, G.; Schodl, J. J.  Organomet. Chem. 1970,21, 
159. 
(12) Hao, S.; Gambarotta, S.; Bensimon, C. J. Am. Chem. Soc. 1992, 

114,3556. 
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Cr-Cr distance remain to be identified, the crystal 
structure of the monomeric Me& [Li(TMEDA)] z12 sug- 
gests the attractive possibility that Li--H(Me) agostic 
interactions might be capable of assembling dimeric 
structures and enforcing very short Cr-Cr contacts. 
Therefore, since the presence of a-hydrogen atoms seems 
to be a prerequisite for the occurrence of bonding 
interaction with the alkali-metal cation, we have selected 
for this preliminary study alkyls such as CH1Ph, CH2(t- 
Bu), and CH&(Ph)Me2. The most attractive character- 
istic of these alkyls, however, is provided by their well- 
known ability to undergo a-hydrogen abstraction to form 
alkylidene and/or metallacyclobutane species, as indicated 
by the chemistry of high-valent Mo and W congeners. 

In this paper, we describe the synthesis, characterization, 
and stability properties of a novel series of Cr(I1) alkyl 
complexes together with their transformation into un- 
precedented Cr(II1) alkylidene derivatives and Cr(I1) and 
Cr(II1) metallacycles. 

Experimental Section 

All operations were performed under an inert atmosphere in 
a nitrogen-filled drybox (Vacuum Atmosphere) or by using 
standard Schlenk techniques. (WARNING all the complexes 
prepared in this work were extremely air-sensitive and 
pyrophoric. Appropriate precautions should be taken for 
their safe manipulation.) CrC12(THF)2,13 PhCH2Li,14 and 
PhCH2Li(TMEDA)16 [TMEDA = NJV,","-tetramethylethyl- 
enediamine] were prepared following published procedures. 
(CH&CCH2Li and Ph(CH&CCH&i were prepared from metallic 
lithium and the appropriate organic halide (Aldrich) in hexane 
by following standard procedures. (CH&,Crz[Li(THF)lr (la) 
was prepared with minor modification of a published procedure.1l 
TMEDA was chromatographed over A1203 and distilled over 
molten potassium after refluxing; pyridine was refluxed over CaHz 
and distilled under nitrogen using a Vigreux column. Infrared 
spectra were recorded on a Perkin-Elmer 283 instrument from 
Nujol mulls prepared in a drybox. Samples for magnetic 
susceptibility measurements were weighed inside a drybox 
equipped with an analytical balance and sealed into calibrated 
tubes. Magnetic measurements were carried out with a Gouy 
balance (Johnson Matthey) at room temperature. The magnetic 
moment was calculated following standard method@ and 
corrections for underlying diamagnetism were applied to data." 
Elemental analysis of C, H, and N was carried out with combustion 
techniques. The thermal instabilityof lb, IC, Id, and3 prevented 
any analytical determination. 

Preparation of CrClr(TMEDA). A suspension of CrCl2- 
(THF) (1.67 g, 6.2 mmol) in THF (100 mL) was treated with neat 
TMEDA (3 mL, 20.7 mmol). The initially light-green solid 
became bright light-blue during 1 h of stirring. The solid was 
isolated by filtration and stored in ampules under nitrogen 
without further purification (1.5 g, 6.2 mmol, 98%). IR [Nujol, 
KBr, cm-'1, Y: 1460 (s), 1385 (s), 1290 (m), 1250 (w), 1200 (w), 
1170 (w), 1130 (w), 1050 (sh), 1030 (s), 1010 (m), 960 (s), 890 (m), 
880 (m), 810 (s), 780 (m), 730 (br), 590 (w), 500 (br) [pee = 4.80 
NB]. Anal. (Calcd) found for C&&#rCl2: c (30.14), 29.77; H 
(6.75), 6.66; N (11.72), 11.28; Cr (21.75), 21.19. 

Preparation of (CH&C~~[L~(THF)]I (la). Solid CrC12- 
(THF)z (4.4 g, 16.5 mmol) was added to a stirred solution of 

(13) Kohler, F. H.; Prossdorf, W. 2. Naturforsch. 1977,32B, 1026. 
(14) Schlmser, M.;Hartman, J. Angew. Chem.,Znt. Ed. Engl. 1973,12, 

508. 
(15) Leung, W. P.; Raston, C. L.; Skelton, B. W.; White, A. H. J.  Chem. 

SOC., Dalton Trans. 1984, 1801. 
(16) Mabbs, M. B.; Machin, D. Magnetism and Transition metal 

Complexes; Chapman & Hall. London, 1973. 
(17) Foese, G.; Gorter, C. J.; Smits, L. Constantes Selectionnees 

Diamagnetisme, Paramagnetisme, Relaxation Paramagnetique; Mae- 
son: Paris, 1957. 
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CHaLi (47 mL, 1.4 M, 65.8 mmol) in EhO (200 mL) at -30 "C. 
The light-blue starting material slowly disappeared forming a 
deep-yellow solution. The insoluble residue was filtered out and 
the resulting solution concentrated to a small volume. Bright- 
yellow pyrophoric crystals of la  (3.1 g, 5.7 mmol, 69%) were 
obtained upon standing overnight at -30 "C. IR [Nujol, KBr, 
cm-11, Y: 1340 (m), 1250 (w), 1220 (w), 1180 (m), 1045 (w), 1040 
(vs), 920 (vs), 890 (vs), 670 (m), 610 (s), 420 (vs). lH NMR [Cas, 
200 MHz, 25 "C], 6: 3.95 (m, 2H, THF), 1.32 (m, 2H, THF), -0.35 
(e, 3H, CHI). Anal. (Calcd) found for CuHssCr2L40,: C (53.34), 
52.99; H (10.441, 10.25; Cr (19.241, 19.07. 

Preparation of (CHs)~Crl[Li(pyridine)]r (la'). Neat py- 
ridine (0.25 g, 3.2 "01) was added to a bright-yellow solution 
of la (0.43 g, 0.80mmol) in toluene (80 mL) at room temperature. 
Pyrophoric, yellow microcrystals of la' separated almost im- 
mediately (0.4 g, 0.70 mmol, 88%). IR [Nujol, KBr, cm-'I, u: 
2780 (sh), 1596 (m), 1460 (e), 1220 (w), 1150 (w), 1070 (m), 1036 
(m), 1005 (m), 750 (s), 700 (s), 620 (m), 420 (sh). 'H NMR [c&, 
200 MHz, 25 "C], 6: 8.81 (m, 2H, Py), 6.80 (m, lH,  Py), 6.59 (m, 
2H, Py), 0.01 (s,6H, CHI). Anal. (Calcd) found for C&4N4- 
CrzLi4: C (59.16), 58.98; H (7.80), 7.77; N (9.86), 9.57; Cr (18.29), 
18.01. 

Attempted Isolationof [PhCH&Cr,[Li(THF)]4 (lb). Solid 
CrC12(THF)2 (1.6 g, 6.0 mmol) was added at -60 OC to a stirred 
solution of PhCH2Li in ether (24.1 mL, 1.0 M, 24.1 mmol). A 
deep-red-brown color started to develop immediately while the 
insoluble starting material disappeared. Stirring was continued 
for 1 h at -30 OC. The solution was filtered while cold, rapidly 
concentrated to a small volume and allowed to stand overnight 
at the same temperature. Pyrophoric deep-orange well-formed 
crystals separated upon cooling at -50 OC. The product rapidly 
decomposed at room temperature, forming a black paramagnetic 
oil, thus preventing further characterization. 

Preparation of [ (CH8)CCHz]&rz[Li(EtzO)]r (IC). Solid 
CrC12(THF)2 (1.6 g, 6.0 mmol) was added at -50 "C to a stirred 
solution of (CH3)sCCHZLi (1.84 g, 23.6 mmol) in EhO (50 mL). 
The color turned red upon mixing and stirring was continued for 
1 h at low T. The orange microcrystalline IC which separated 
out during the stirring was collected on a filtration column cooled 
at -40 OC and then dried at room temperature (0.4 g, 0.39 mmol, 
15%). Dry solid samples were stable at room temperature for 
a few hours. IR [Nujol, KBr, cm-'I, Y: 1360 (s), 1235 (m), 1205 
(m), 1110 (w), 1085 (w), 1045 (s), 990 (w), 925 (w), 890 (s), 740 
(m), 660 (W), 605 (W), 535 (W), 450 (sh) [pee = 1.72 pg]. 

Preparationof [Ph(CH8)&CH&,Crz[Li(EtzO)]r (ld). Solid 
CrCl~(THF)2(1.2g,4.5 mmol) wasaddedtoasolutionofPh(CH~)~- 
CCH2Li (2.6 g, 18.6 mmol) in E~QO (80 mL) cooled at -40 OC. 
Stirring was continued for 2 hat low temperature until the starting 
CrC12(THF)2 disappeared completely from the reaction mixture. 
The initial green color of the suspension slowly turned red and 
finally deep-yellow. The gray insoluble material was eliminated 
by filtration, and the resulting solution was allowed to stand 
overnight at -30 "C, upon which yellow microcrystalline Id 
separated out (0.5 g, 1.4 mmol, 15%). The solid slowly decom- 
posed at room temperature under nitrogen. IR [Nujol, KBr, 
cm-11, u: 3040 (sh), 1565 (m), 1420 (sh), 1360 (sh), 1265 (w), 1235 
(w), 1220 (w), 1190 (w), 1170 (m), 1120 (w), 1090 (w), 1070 (w), 
1045 (s), 920 (sh), 890 (s), 770 (s), 720 (s), 700 (w), 560 (w), 450 
(sh) = 0.55 ~ 1 3 1 .  

Preparation of (CH&Cr[Li(TMEDA)]z (2). Method A. 
A light-yellow solution of la' (0.8 g, 1.5 mmol) in E t 0  (200 mL) 
was treated with neat TMEDA (20 mL). The resulting orange 
solution was concentrated to a small volume, and a small amount 
of insoluble material was eliminated by filtration. Extremely 
air-sensitive orange-yellow crystals of 2 (0.6 g, 1.7 mmol, 57% 
yield) were obtained upon standing overnight at -30 "C. 
Satisfactory analytical results were obtained. IR [Nujol mull, 
cm-I, KBr], u: 1360 (s), 1295 (s), 1260 (m), 1180 (m), 1160 (s), 
1135 (s), 1100 (m), 1070 (s), 1040 (s), 1020 (e), 950 (s), 840 (w), 
790 (s), 770 (s), 720 (w), 615 (81, 590 (sh) [pee = 4.98 HB]. Anal. 
(Calcd) found for C16HuN4CrLi2: C (53.62), 53.44; H (12.37), 
12.28; N (15.63), 15.44; Cr (14.51), 14.35. 

Ha0 et al. 

Method B. A suspension of CrClz(THF)2 (12.4 g, 46 mmol) 
in neat TMEDA (400 mL) was refluxed overnight, forming a 
blue insoluble solid. The resulting mixture was cooled to -50 "C, 
and a solution of MeLi in EhO (130 mL, 1.4 M) was added 
dropwise by syringe. The green solid initially formed disappeared 
upon stirring at room temperature, forming an orange suspension. 
The solid was isolated by filtration and recrystallized from neat 
TMEDA (80 "C), yielding bright-orange octahedral crystals (10 
g, 28 mmol, 61% yield). 

Preparation of (PhCHz)&rz][Li(TMEDA)]z (3). A sus- 
pension of CrC12(THF)2 (1.46 g, 5.5 mmol) in ether (200 mL) was 
cooled at -50 "C. Solid PhCHZLi(TMEDA) (4.61 g, 21.5 "01) 
was added to the mixture, and the resulting suspension was 
vigorously stirred while slowly warming to room temperature. 
Thediamagnetic, brick-redand poorlysoluble 3 (1.3 g, 1.44mmo1, 
53%) was collected on a filtration column and washed with two 
portions of toluene. IR [Nujol, KBr, cm-ll, u: 3050 (m), 1580 (s), 
1460 (s), 1370 (m), 1290 (m), 1240 (w), 1220 (m), 1180 (m), 1160 
(w), 1130 (w), 1030 (w), 1010 (sh), 980 (w), 950 (m), 890 (m), 820 

200 MHz, 25 "Cl, 6: 7.10-6.70 (m, 15H, phenyl), 2.20 (s,4H, CH2 
TMEDA), 2.05 (8, 12H, CI& TMEDA) 1.36 (8, 6H, benzyl). 

Preparation of [(CH,)&CH*]~[CH&(CH&CHI]C~[L~- 
(TMEDA)]z (4). A suspension of CrClZ(THF)s (1.7 g, 6.4 mmol) 
in hexane (80 mL) was stirred at -50 "C in the presence of (CH& 
CCH2Li (2.13 g, 27.3 "01). The light-green solid slowly 
dissolved, forming a yellow solution which became red after 1 h. 
When all the starting material had disappeared, the addition of 
TMEDA (4 mL) to the cold solution turned the color deep-green. 
The temperature was allowed to rise to ambient values and the 
insolubles were eliminated by filtration. Deep-red crystals of 4 
(0.29 g, 0.58 mmol, 9%) separated from the resulting solution 
after concentration to a small volume and upon standw overnight 
at -30 OC [pee = 4.66 pB]. Anal. (Calcd) found for CnHuNd- 
CrLi2: C (63.50), 63.11; H (12.63), 12.38; N (10.97), 10.88; Cr 
(10.18), 9.91. 

Preparation of [o-C6H,(CH&CCH&Cr(TMEDA)][Li- 
(TMEDA)z] (5). An ether solution (100mL) of Ph(CHhCCH2- 
Li (2.72 g, 19.4 mmol) cooled at -50 "C was treated with 
CrC12(THF)2 (1.32 g, 4.9 mmol). The mixture was stirred at low 
temperature until the starting CrCl2(THF)2 disappeared, forming 
a deep-green solution with a bright-yellow suspension. The 
addition of neat TMEDA (3 mL) to the cold mixture formed a 
green solid which, when isolated, melted into a green oil at room 
temperature. The red mother liquor, which became green at 
room temperature, was decanted, concentrated, and cooled to 
-30 OC. A small amount of gray solid (ca. 0.3 g) which separated 
upon standing overnight at -30 "C, was eliminated by filtration. 
The resulting dark-red solution was concentrated and allowed 
to stand 2 days at -30 "C, upon which deep-red crystals of 6 
separated (1.4 g, 2.0 mmol, 41 % ). IR [Nujol, KBr, cm-'1, Y: 3030 
(sh), 2780 (sh), 1560 (w), 1360 (sh), 1340 (sh), 1290 (81,1270 (w), 
1250 (m), 1230 (w), 1210 (w), 1190 (w), 1160 (m), 1130 (m), 1100 
(w), 1090 (w), 1075 (m), 1035 (s), 1015 (s), 990 (w), 960 (sh), 950 
(s), 935 (sh), 800 (e), 790 (sh), 770 (e), 730 (81,600 (m), 570 (m), 
510 (m), 490 (m), 465 (m) [ p d  = 3.52 pel. And. (Calcd) found 
for CseH72N&rLi: C (67.92), 67.78; H (10.801, 10.66; N (12.51), 
12.43; Cr (7.74), 7.17. 

Preparation of (TMEDA)Cr( CH2Ph)Cl (p-Cl) [ Li (TME- 
DA)]J/2[LiC1(TMEDA)]~ (6). A suspension of CrC12(THF)2 
(2.36 g, 8.8 "01) in THF (100 mL) was cooled to -40 "C and 
treated withPhCHzLi(TMEDA) (2.01 g, 9.4 mmol). The stirring 
of the resulting slurry for 1 h at -40 "C formed a dark greenish- 
blue solution. The suspension was evaporated to dryness and 
the residual oil redissolved in Et20 (120 mL). The solution was 
filtered, concentrated, and allowed to stand overnight at -30 OC 
upon which deep-blue crystals of 6 separated out (1.4 g, 2.3 mmol, 
26%). IR [Nujol, KBr, cm-'1, Y: 3060 (sh), 1585 (s), 1295 (sh), 
1285 (m), 1265 (w), 1250 (w), 1205 (s), 1180 (m), 1155 (w), 1125 
(w), 1105 (w), 1065 (w), 1050 (w), 1020 (8). lo00 (m), 955 (sh), 940 
(s), 880 (m), 840 (w), 800 (a), 790 (s), 785 (w), 740 (E), 695 (s), 595 
(m), 500 (w), 430 (m) [pee = 5.10 NB]. Anal. (Calcd) found for 

(w), 790 (s), 740 (s), 690 (s), 600 (w), 510 (w). 'H NMR [C&, 
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Table 1. Crystal Data and Structural Analysis Results 
~~ ~ 

4 5 6 I 9 10 
formula C27H~Li2CrN4 C38H72CrLiN6 C25H5,CI&rN6Li2 C~OH~OC~NZ C26H42CrN~ CZoH29CrNz 
fw 510.71 67 1.96 611.99 350.47 434.63 349.46 
cryst syst monoclinic monoclinic triclinic monoclinic orthorhombic orthorhombic 

P21In P i  P21n Pbcn Pbca 
11.629(2) 11.976(5) 9.596(1) 15.808(8) 23.085(5) 14.743(3) 

14.455(6) 14.090(4) 23.259(5) 17.251 (5) 18.128(2) 9.562(4) 
16.919(4) 15.726(3) 8.828(3) 11.803( 1 )  16.03615) 11.24313) 

a / c  iP% group 
b (4 
c (A) 

RF, R, 
GoF 

. .  

106.58( 1) 

3368(2) 
4 
0.710 69 
-160 
1.007 
3.48 
0.061,0.047 
3.20 

. .  

107.89(1) 

4048( 1) 
4 
0.710 69 
-160 
1.102 
3.05 
0.059,0.069 
1.79 

CBHMNeCrLiZCla: C (49.07), 48.81; H (9.06), 9.00; N (13.73), 
13.65; Cr (8.50), 8.13. 

Preparation of (TMEDA)Cr(CHaPh)a (7). A suspension 
of CrC12(THF)2 (1.8 g, 6.7 mmol) in THF (100 mL) was stirred 
at -40 "C for 1 h with PhCHzLi(TMEDA) (2.7 g, 12.8 mmol). The 
resulting dark greenish-blue solution was evaporated to dryness 
and the residual oil redissolved in EhO (120 mL). The solution 
was filtered, concentrated, and allowed to stand overnight at -30 
OC upon which deep-purple crystals of 7 separated out (0.7 g, 2.0 
mmol, 30%). IR [Nujol, KBr, cm-'], v: 3060 (ah), 1585 (a), 1410 
(w), 1350 (w), 1295 (m), 1285 (m), 1240 (w), 1210 (a), 1190 (w), 
1180 (m), 1165 (m), 1120 (m), 1070 (m), 1050 (w), 1025 (a), 1000 
(sh), 940 (a), 920 (sh), 870 (a), 795 (a), 770 (w), 740 (e), 700 (e), 
620 (w), 600 (m), 570 (w), 540 (w), 520 (m), 485 (w), 470 (w), 450 
(w), 400 (ah) [pee = 4.68 PB]. Anal. (Calcd) found for CmHaNz- 
Cr: C (68.54), 68.35; H (8.63), 8.44; N (7.99), 7.71; Cr (14.84), 
14.67. 

Preparation of (TMEDA)Cr[CHaC(CHs)& (8). A sus- 
pension of CrClz(THF)2 (1.96 g, 7.3 mmol) in THF (100 mL) was 
stirred for 1 h at room temperature in the presence of TMEDA 
(2 mL). After cooling to -30 "C, the addition of (CH&,CCHzLi 
(1.07 g, 13.7 mmol) to the resulting bright-blue suspension turned 
the color red. After stirring for another hour at room temperature, 
the solvent was removed in vacuo and the residual oil redissolved 
in hexane (140 mL). The solution was filtered, concentrated, 
and allowed to stand overnight at -50 "C upon which deep-red 
crystals of 8 separated out (1.4 g, 4.5 mmol, 62%). IR [Nujol, 
KBr, cm-11, v: 2760 (ah), 1405 (w), 1345 (a), 1280 (a), 1260 (w), 
1245 (w), 1225 (s), 1200 (a), 1160 (w), 1120 (m), 1095 (m), 1090 
(sh), 1060 (E), 1040 (w), 1025 (s), 1010 (a), 995 (sh), 955 (s), 900 
(w), 795 (vs), 770 (m), 740 (m), 620 (sh), 595 (m), 530 (m), 480 
(w), 440 (m), 380 (ah) [pen = 4.99 NB]. Anal. (Calcd) found: c 
(62.71), 62.61; H (11.18), 11.00; N (9.141, 9.01; Cr (16.97), 16.71. 

Preparation of (TMEDA)Cr[CH&(CH&Ph]a (9). A sus- 
pension of CrCl*(THF)z (2.6 g, 9.7 mmol) in toluene (100 mL) 
was stirred in the presence of TMEDA (2 mL). After stirring 1 
h at room temperature, the resulting bright-blue suspension was 
cooled to -30 "C. After addition of Ph(CH3)zCCHzLi (2.76 g, 
19.7 mmol), the resulting red mixture was allowed to warm to 
room temperature. The suspension was filtered, concentrated 
and cooled to -30 "C, upon which deep-red crystals of 9 (1.1 g, 
2.5 mmol, 26%) separated out. IR [Nujol, KBr, cm-'1, v: 3060 
(sh), 3040 (ah), 1595 (m), 1575 (w), 1490 (ah), 1410 (w), 1365 (ah), 
1350 (m), 1280 (a), 1240 (w), 1170 (w), 1160 (w), 1120 (w), 1110 
(m), 1080 (w), 1055 (w), 1020 (a), 1005 (a), 950 (81,905 (w), 795 
(s), 765 (e), 730 (w), 700 (a), 610 (w), 590 (m), 490 (w), 430 (w) 
[pee = 4.97 pB]. Anal. (Calcd) found for C%H4zN2Cr: C (71.85), 
71.66; H (9.741, 9.51; N (6.451, 6.29; Cr (11.961, 11.71. 

Preparation of (TMEDA)Cr(=CHPh)(CHzPh) (10). A 
suspension of CrC1z(THF)z (5.5 g, 20 mmol) in THF (100 mL) 
was treatedat-4O0CwithPhCH2Li(TMEDA) (12.8g,60.0mmol). 
After stirring 1 h at -40 "C, the resulting slurry formed a dark 

92.43(3j 
101.79(3) 
84.05(3) 
1775(1) 
2 
0.710 69 
-160 
1.145 
5.63 
0.066,0.07 1 
3.62 

. I  

110.692(9) 

1 920.8 (4) 
4 
0.710 69 
-157 
1.212 
5.82 
0.029,0.041 
1.81 

. I  

2424(3) 
4 
0.710 69 
-160 
1.191 
4.73 
0.041,0.057 
2.34 

. ,  

3751(3) 
8 
0.710 69 

1.237 
5.96 
0.064,0.072 
6.29 

-158 

greenish-blue solution. The suspension was evaporated to dryness 
and the residual oil redissolved in Et20 (150 mL). The solution 
was filtered, concentrated, and allowed to stand overnight at -30 
"C upon which orange crystals of 10 separated out (4.2 g, 12.0 
mmol, 60%). IR [Nujol, KBr, cm-'I, v: 3060 (w), 1590 (a), 1470 
(ah), 1405 (w), 1360 (sh), 1300 (w), 1285 (m), 1210 (s), 1180 (w), 
1125 (w), 1020 (m), 1000 (w), 950 (a), 880 (m), 795 (a), 770 (w), 

= 3.96 pB]. Anal. (Calcd) found for CzoHzeNzCr: c (68.74), 68.59; 
H (8.36), 8.18; N (8.02), 7.88; Cr (14.88), 14.69. 

Cyclic Voltammetry. Cyclic voltammograms were recorded 
in THF solutions using tetrabutylammonium tetrafluoborate 
(TBABF4) (Aldrich) as a supporting electrolyte. All the solutions 
and the electrochemical cell were prepared in a drybox. The 
experiments were performed under nitrogen in an airtight cell 
equipped with a 0.5-mm-diameter Pt wire as a working electrode. 
A silver wire in contact with a THF solution of TBABF, (0.2 M) 
and saturated with AgCl was used as a reference electrode. The 
contact with the cell was realized through a porous Vycor frit. 
THF solutions were 0.01 M of each complex and 0.2 M of TBABF,. 
Potentials were referenced to the ferrocenium/ferrocene potential 
obtained under identical conditions. A PAR 273 potentioatat1 
signal generator in combination with Headstart software was 
employed for the measurements. 

X-ray Crystallography. Air-sensitive crystals were selected 
in a drybox equipped with a stereomicroscope and glued on a 
glass fiber with a small amount of silicone grease. Data were 
collected at temperatures in the range -157 to -160 "C using the 
w-28 scan technique to a maximum 28 value of 50.0". Cell 
constants and orientation matrices were obtained from the least- 
squares refinement of 25 carefully centered high-angle reflections. 
Redundant reflections were removed from the data set. The 
intensities of three representative reflections were measured after 
every 150 reflections to monitor crystal and instrument stability. 
Data were corrected for Lorentz and polarization effects but not 
for absorption. The structures were solved by direct methods. 
The non-hydrogen atoms were refined anisotropically. Hydrogen 
atom positions were located in the difference Fourier maps and 
refined isotropically in the case of a favorable observation: 
parameter ratio. The final cycle of full-matrix least-squares 
refinement was based on the number of observed reflections with 
I > 2.5u(Z). Neutral atomic scattering factors were taken from 
Cromer and Waber.18 Anomalous dispersion effects were included 
in F,. All calculations were performed using the TEXSAN 
package on a Digital VAX station. Details on data collection 
and structure refinement are reported in Table 1. The final 
atomic coordinates are given as supplementary material. Selected 
bond distances and angles are given in Table 2. 

740 (a), 695 (a), 595 (w), 570 (w), 550 (w), 525 (w), 450 (w) [pea 

(18) Cromer, D. T.; Waber, J. T. International Tables for X-ray 
Crystallography; The Kynoch Press: Birmingham, England, 1974; Vol. 
IV. 
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Results and Discussion 

As illustrated in Schemes 1 and 2, the result of the 
reaction of CrClz(THF)z with RLi [R = CHzPh, Me, 
CH&(CH&, CH2C(CH3)2Phl was determined by both 
the RLi/Cr stoichiometric ratio and the presence in the 
reaction mixture of a chelating Lewis base (TMEDA = 
Nfl,lV',"-tetramethylethylenediamine). In the cases 
where a molar ratio of 4 was employed (Scheme l), the 
reactions led to the initial formation of bright-yellow- 
orange, poorly-soluble and almost diamagnetic materials. 
Unfortunately, in contrast to MeaCrzL&(THF)4 (la), which 
is thermally stable, the benzyl (lb), neopentyl (IC), and 
neophyl (Id) analogues are very labile, thus preventing 
analytical determinations. In all cases, the complexes had 
to be isolated from reaction mixtures kept a t  temperatures 
below -40 "C to avoid a rapid decomposition with 
formation of deeply-colored intractable solutions. A 
similar behavior was also observed in the solid state where 
crystalline samples of lb and Id decomposed within a few 
hours a t  temperatures about -20 OC. Although the 
formulation is not proven, we speculate that these com- 
plexes are isostructural with Me&L&(THF)4, since they 
showed the same residual paramagnetism which has been 
determined in the dimeric Me&rzL&(THF)4, and in 
general for the quadruply bonded systems. 

The behavior of the diamagnetic and dimeric RaCrz- 
Li4(THF)4 (1) with respect to the coordination of Lewis 
bases is somewhat surprising. In the case of the methyl 
derivative la, displacement of THF from the coordination 
sphere of lithium takes place with a monodentate ligand 
such as pyridine, without significant modification of the 
molecular structure and of the magnetic properties of the 
product. Only a slow decomposition was observed upon 
heating la in the presence of a large excess of pyridine. 
In contrast, treatment with a chelating diamine such as 
TMEDA, gave a reversible reaction where the dinuclear 
frame was cleaved to form the monomeric and paramag- 
netic MerCrLiz(TMEDA)z (2). The isolation and crystal 
structure determination of this complex have been de- 
scribed previously.12 

Similar attempts to cleave the dinuclear structures of 
lb, IC, and Id via reaction with TMEDA gave an 
unpredictable trend of reactions. The addition of TMEDA 
to lb  or reaction of CrClz(THF)z with 4 equiv of PhCH2- 
Li(TMl3DA) complex gave the moderately stable (PhCH&- 
Cr2LidTMEDA)Z (3) as a diamagnetic reddish-brown 
crystalline solid. The dimeric structure is indicated by 
the diamagnetism observed in both solid state and solution, 
while the formulation is suggested by the integration of 
the NMR resonances. This type of dinuclear structure is 
also suggested by the analogy with the chemistry of 
dinuclear Cr(I1) aryloxo lithium chromates.19 

In the case of the (CHsCCHz)sCrzLir(THF)4 derivative, 
the reaction proceeded in a similar manner when either 
the preformed complex was resuspended in THF con- 
taining TMEDA or neat TMEDA was added to the crude 
reaction mixture from the preparation of IC maintained 
a t  -50 OC. After the addition of TMEDA, the reaction 
was allowed to reach room temperature. Subsequent 
cooling gave a poor yield of deep-orange crystals of the 
metallacycle derivative (CHS)~CCHZ~Z[CH~C(CH~)ZCHZI- 
Cr [Li(TMEDA)Iz (4). 

n 
h d 

(19) Edema, J. J. H.; Meetsma, A; Gambarotta, S.; Khan, S. I.; Smeets, 
W. J. J.; Spek, A. L. Inorg. Chem. 1991,30,3639. 
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Scheme 1 

4IUi ~ R8Cr2Li4(THF14 - A decomposition 
1 

TMEDA 

2 3 

Figure 1. ORTEP plot of 4. Thermal ellipsoids are drawn 
at the 50% probability level. 

The complex is monomeric and consists of one chromium 
atom bound to two neopentyl groups and to the two 
terminal carbon atoms of a CH2C(CH&CH2 unit, forming 
a chromacyclobutane ring (Figure 1). Two Li(TMEDA) 
moieties are connected to the central organochromium 
core by the bridging carbon atoms of the neopentyl and 
cyclobutane ring. The backbone of the molecule is formed 
by an almost linear Li-Cr-Li array [Lil-Crl-Lila = 167.9- 
(51'3 with the chromium atom placed in the center of a 
distorted square plane defined by four bridging carbon 
atoms. Of these four bridging carbon atoms, two are 
provided by two bridging neopentyl groups placed in cis 
position with respect to the square-planar chromium and 
with the bulky t-Bu moieties pointing in opposite directions 
with respect to the molecular plane [Crl-Cl-C2 = 113.9- 
(4)OI. The remaining two bridging carbon atoms are 
provided by one metallacyclobutane moiety. The plane 
defined by the four bridging carbon atoms [Crl-C1 = 
2.267(6) A, Crl-C6 = 2.198(7) AI, the two lithiums [Lil- 
C1 = 2.29(1) A, Lil-CG = 2.12(1) AI, and chromium is 
rather twisted. In contrast to the crystallographically 
imposed planarity of the central metallacyclobutane core 
[Crl-C6-C7-C6 = O.Oo, Crl-C6-C7 = 91.6(4)', C6-C7- 
C6 = 108.2(7)'1, the two LiCrC2 cores are significantly 
folded [Crl-C1-Lil-C6 = 20.4(4)', Crl-C6-Lil = 77.4- 
(4)O, C6-Lil-C1 = 102.3(5)', Crl-C1-Lil = 72.5(3)'1, 
forming a rather short Cr-Li nonbonding Distance [Crl- 
Lil = 2.70(1) AI. The coordination geometry of the 
chromium atom is distorted square-planar [Cl-Crl-C6 = 
164.2(3)O, C1-Crl-Cla = 92.1(3)O, C6-Crl-C6a = 68.5- 
(4)O], while that of the two alkali cations is distorted 
tetrahedral [Nl-Lil-N2 = 84.5(4)O, N1-Lil-Cl = 113.2- 

4 L J s  

(51'1. Similar to the case of the monomeric Me4CrLi- 
[(TMEDA)] 2, short contacts have been found between 
one of the two a-hydrogens of the neopentyl group (the 
position of which was isotropically refined) and the alkali- 
metal cation [Lil-H32 = 1.93 AI. This contact is also 
significantly shorter than the Li-C distance of the cor- 
responding carbon atom [Lil-C1 = 2.29(1) AI. This 
suggests that a fairly strong Li-H agostic interaction may 
be the factor which holds together the heterodimetallic 
frame and which also folds the CrLiC2 core. Conversely, 
the hydrogen atoms of the two bridging carbons of the 
metallacyclobutane moiety are almost equidistant from 
the lithium atom [Lil-H33 = 2.24 A, Lil-H34 = 2.39 A], 
while the distance from the corresponding carbon atom 
[Lil-C6 = 2.12(1) AI appears to be the shortest contact. 
The methyl group of the metallacyclobutane group dis- 
played large thermal parameters, possibly indicating some 
disorder. The disorder has been modeled by assigning an 
occupancy of 33 5% of the carbon atom over three positions 
(C9, C15, C16), as revealed by the difference Fourier maps. 
The significant improvement of the residual values sup- 
ports the accuracy of the model. 

In the initial step, the reaction probably formed anionic 
metallates analogous to the cases of 2 or 3, which produce 
the metallacyclobutane via y-hydrogen abstraction and 
consequent elimination of neopentane. The divalent 
oxidation state of the chromium atom of complex 4 is 
indicated by both the solid state crystal structure and 
confirmed by the magnetic moment, which is as expected 
for a Cr(I1) d4 high-spin electronic configuration. This 
species is a rare example of metallacyclobutane species 
and a very unique case in the chemistry of Cr(I1). 

In the case of the neophyl derivative [(CH3)2PhCCH2]8- 
CrzLid(THF)4 (Id), the reaction with TMEDA led to the 
formation of anionic Cr(II1) species [ o - C ~ H ~ C ( C H ~ ) ~ C H ~ I  2- 
Cr(TMEDA)I [Li(TMEDA)21 (5) where the two aromatic 
rings of both neophyl groups have been metalated in the 
ortho position. The octahedral coordination geometry, 
characteristic of Cr(III), is completed by one molecule of 
TMEDA. A lithium cation coordinated to two molecules 
of TMEDA was found in the crystal structure in a 
stoichiometric ratio of 1:1 with chromium, thus indicating 
a formal oxidation state of +I11 for the metal. The 
oxidation state of the transition metal has been further 
confirmed by the measurement of the magnetic moment, 
which is consistent with a Cr(II1) d3 high-spin electronic 
configuration. Although it is unclear how the oxidation 
of the metal center occurs in this case, a disproportionation 
reaction is the most likely possibility. This is also suggested 
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c9 

c4  

c5 

C26 

Figure 2. ORTEP plot of 5 (anionic moiety). Thermal 
ellipsoids are drawn at the 50% probability level. 

CL2 

c10 

c11 

c 4  

c5  

Figure 3. ORTEP plot of 6 (first molecule). Thermal 
ellipsoids are drawn at the 50% probability level. 

by the rather poor yield, which indicates the likelihood of 
more products being present in the reaction mixture. 

The structure of 5 consists of two separate ionic 
fragments. The anion (Figure 2) is composed of a slightly 
distorted octahedral Cr(II1) atom with the coordination 
octahedron defined by the two nitrogen atoms of one 
chelated TMEDA molecule (Crl-N1 = 2.335(4) A, Crl- 
N2 = 2.328(4) AI and four carbon atoms of two neophyl 
groups [Cl-Crl-N1 = 166.0(2)O, C7-Crl-C23 = 175.4- 
(2)O, C&Crl-N2 = 165.4(2)'1. Each neophyl group is 
bound to chromium through the methylene carbon atom 
and one ortho carbon atom of each phenyl group [Crl-Cl  
= 2.083(5) A, Crl-C23 = 2.172(5) A]. Eachneophylgroup 
works as a chelating ligand, forming slightly twisted five- 
membered rings with the central metal atom [Cl-C6- 
C24-C23 = 17.2(6)O]. The metallocycles are coplanar with 

C18 

Figure 4. ORTEP plot of 7. Thermal ellipsoids are drawn 
at the 50% probability level. 

Scheme 2 
% decomposition CICI,(TMEDA)z =A C C I z m z  

10 
Ph 6 7,899 

the corresponding phenyl ring of the neophyl group. The 
two methyl groups borne by the two neophyl &carbon 
atoms point in opposite directions with respect to the 
metallocycle plane. The methylene carbon atoms are in 
trans positions with respect to each other, while the two 
aromatic carbons occupy the cis positions, probably to 
minimize steric repulsions. The cationic fragment is 
formed by one tetrahedral lithium cation surrounded by 
two chelating TMEDA molecules (see supplementary 
material). No significant intermolecular contacts have 
been found between the two ionic units. 

The utilization of a RLi:Cr stoichiometric ratio of 2 1  
in the reaction of CrC12(THF)2 with RLi [R = PhCH2, 
(CH&CCH2, Ph(CH&CCH21 gave a substantially dif- 
ferent reactivity pattern (Scheme 2). While only decom- 
position was obtained from the reaction carried out a t  -60 
"C in the absence of TMEDA, clean and reproducible 
reactions were obtained when reaction with RLi [R = 
CH2C(CH3)3, CH2C(CH&Ph, CHzPhI was carried out on 
the preformed (TMEDA)CrC12 complex. The reaction led 
to the initial formation of an intense deep-green color. 
With the exception of 8, the color did not change upon 
reaching room temperature and crystals of (TMEDA)- 
CrRz [R = PhCH2 (71, (CH3)sCCHz (81, (CH&PhCCH2 
(9)l were isolated a t  -30 OC from the corresponding toluene 
solutions. All these complexes have magnetic moments 
in common, as expected for a high-spin Cr(I1) d4 electronic 
configuration. 

The structures of 7 and 9 have been demonstrated by 
X-ray analysis. In complex 7 the tetrahedrally-distorted 
square-planar coordination geometry of chromium [Nl- 
Crl-N2 = 80.15(6)O, Nl -Cr l -C l=  95.58(7)O, Cl-Crl-C8 
= 165.10(8)O, N2-Crl-C8 = 91.02(7)O, Nl-Crl-C8 = 
165.10(8)01 (Figure 4) is defined by two nitrogen atoms of 
one chelated TMEDA molecule [Crl-N1 = 2.227(2) A, 
Crl-N2 = 2.225(2) A] and by two methylene groups of 
each benzyl group [Cr l -C l=  2.185(2) A, Crl-C8 = 2.177- 
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17 

C16 

C13  

Figure 5. ORTEP plot of 9. Thermal ellipsoids are drawn 
at the 50% probability level. 
(2) AI. The angles subtended a t  the methylene carbon 
atom are rather different in the two groups [Crl-C8-C9 
= 111.9(1)', Crl-Cl-C2 = 120.5(1)'1 and are a probable 
result of steric interactions and crystal packing. Complex 
9 is basically isostructural with complex 7 (Figure 5). Two 
nitrogen atoms of one chelated TMEDA molecule [Crl- 
N1 = 2.249(3) AI and two methylene carbons of two 
neophyl groups define the tetrahedrally-distorted square- 
planar coordination geometry of the chromium atom [Nl- 
Crl-C1 = 92.8(1)', N1-Crl-Cla = 158.0(1)', N1-Crl- 
N la  = 79.6(1)'1. The two bulky moieties of the two 
neophyl groups are oriented in the two opposite directions 
with respect to the Crl-N1-Nlaplane. The Cr-C distance 
[Crl-C1 = 2.146(3) AI is only slightly shorter than that 
in the dibenzyl analogue 7. The angle subtended a t  the 
methylene carbon atom [Crl-Cl-C2 = 118.2(2)'1 is rather 
wide, likely as a result of the steric interaction of the two 
bulky Ph(CH&C groups. 

In the case of the benzyl derivative it was possible to 
isolate deep-blue crystals from the initial deep-green 
solution simply by using a stoichiometric ratio PhCHz- 
Li:Cr of 1:1, thus clarifying the structure of the intermedi- 
ate (TMEDA)CrBzCl(p-C1) (LiTMEDA) (6) adduct. At- 
tempts to isolate analytically pure complexes in the cases 
of the neopentyl and neophyl derivatives were unsuc- 
cessful, since the reactions gave mixtures of final product, 
unreacted starting material, and dialkyl species. 

The structure of complex 6 consists of one square-planar 
(TMEDA)Cr(CHZPh)Cl moiety where the chlorine atom 
bridges the chromium and the lithium atom of a tetrahedral 
(TMEDA)LiCl unit (Figure 3). A molecule of [TMEDA)- 
Li(p-C1)]2 was also found cocrystallized in the unit cell in 
the stoichiometric ratio 2:l with the chromium unit. The 
square plane centered on the chromium atom 
[Nl-Crl-N2 = 81.8(2)', Cl-Crl-N2 = 95.8(2)', 
C1-Crl-C11 = 92.1(2)', C1-Crl-N1 = 170.9(3)', 
Cll-Crl-N2 = 165.1(2)'1 is defined by the twonitrogen 
atoms of one chelating TMEDA molecule [Crl-N1 = 
2.209(6) A, Crl-N2 = 2.184(6) AI, the methylene carbon 
atom of the benzyl group [Crl-C1 = 2.141(7) A, 
Crl-Cl-C2 = 116.5(4)'1, and the bridgingchlorine atom 
[Crl-C11 = 2.425(2) A, C11-Li1 = 2.34(1) A, 
Crl-Cll-Lil = 85.3(3)'1. The chromium atom is only 
slightly elevated above the basal plane [distance from the 
plane 0.21(3) AI. The second chlorine atom borne by 
lithium is positioned on the apex of an ideal square pyramid 

Figure 6. ORTEP plot of 10. Thermal ellipsoids are drawn 
at the 50% probability level. 
based on the chromium atom [Cl-Crl-C12 = 97.6(2)", 
C11-Crl-C12 = 91.40(7)', N1-Crl-C11 = 91.4(2)', 
C12-Crl-N2 = 100.0(2)01, forming a fairly short Cr-C1 
nonbonding distance [Crl-.C12 = 2.671(2) A]. No inter- 
metallic contacts were observed with [TMEDA)Li(p-C1)]2. 
Details on the geometry of this second fragment are 
available as supplementary material. 

Variable amounts of bright-orange crystals were found 
in the deep-red crystalline mass of 7. This orange complex 
(10) turned out to be the only stable product when the 
ligand replacement reaction was carried out on CrC12- 
(TMEDA) by using a stoichiometric ratio PhCH2Li:Cr of 
3:l. In one case, the crystals were of sufficient quality to 
undertake an X-ray crystal structure determination in spite 
of an unfavorable flat shape. The chemical connectivity 
is remarkably similar to that of 7 (Figure 6). Apart from 
the different orientations of the two phenyl rings and the 
geometry of the chromium atom (square-planar rather 
than flattened tetrahedral), the bond distances and angles 
are very comparable in the two complexes. Different from 
7, however, the coordination geometry of chromium, as 
defined by the two nitrogens of the chelating TMEDA 
and the two carbon atoms of the benzylidene and benzyl 
units, is square-planar [C6-Crl-N2 = 173.9(2)', N1-Crl- 
C13 = 174.6(3)', N1-Crl-CG = 94.0(2)'1. The benzylidene 
and benzyl groups form identical Cr-C distances [Crl-C6 
= 2.170(7) A, Crl-C13 = 2.169(7) AI which also compare 
well with those of complex 7. The orientation of the two 
phenyl rings marks the most significant difference between 
the two complexes (on the same side of the molecule instead 
of transoid with respect to the molecular plane, as might 
be expected). Different from complex 7, the angles 
subtended a t  the methylene carbon atoms are similar [Crl- 
C6-C7 = 115.7(4)', Crl-Cl3-Cl4 = 120.9(5)'1. This is 
likely the result of the position of one hydrogen atom of 
the benzyl group, which was located and refined in a 
position intermediate between chromium and the cor- 
responding carbon atom [Crl-H26 = 1.31 A, C6-H26 = 
1.14 A], and not far from the carbon atom of the 
benzylidene group [C13-H26 = 2.10 A]. 
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H5 
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Ha0 et al. 

Figure 7. ORTEP plot of la. Thermal ellipsoids are drawn 
at the 50% probability level. Carbon atoms of the THF 
molecules as well as the symmetry-generated methyl hydro- 
gens have been omitted for clarity. For additional information 
see the supplementary material. Selected bond distances (A) 
and angles (deg): Cr1’-Crla = 1.968(2), Crl-C1 = 2.22(1), 
Crl-C2 = 2.15(2), C1-Lil = 2.41(2), C2- I1  = 2.40(2), Lil- 
01 = 1.967(7), Cl-Crl-C2 = 83.0(6), Lil-C1-Crl = 67.4(4), 
Lil.-H4 = 2.03, Li-.H6 = 2.05, Lil-H2-C2 = 85.1. 

The steric hindrance of 7 and 10 does not appear a 
sufficient reason alone to justify a rotameric phenomenon, 
since the two complexes crystallize in different crystal 
systems (monoclinic and orthorhombic) with remarkably 
different colors, magnetic properties, and coordination 
geometries of the metal atom. The possibility that either 
7 or 10 might be a terminal hydrido species (TMEDA)- 
Cr(H)(CH2Ph)2 cannot be excluded by the absence of 
hydrogen observed during chemical degradation experi- 
ments carried out with 2 equiv of dry HC1 in a closed 
vessel connected to a Toepler pump. The cyclic voltam- 
mograms of the two compounds, obtained under identical 
conditions, show two completely different patterns. Com- 
plex 10 displays a reversible one-electron reduction wave 
a t  -2.37 V (E,-E, = 63 mV) and an additional irreversible 
reduction a t  -3.50 V (200 mV/s, V vs ferrocenium/ 
ferrocene) (Figure 8). Unfortunately, comparison with 
data available for other Cr(II1) complexesm is not ap- 
propriate due to the diversity of the substrates. Never- 
theless, the &,d red - E1,t red = 1.13 V is in good agreement 
with that determined in the case of some (monocyclo- 
pentadienyl)Cr(III) complexes,20a thus giving some indi- 
cation that 10 might be a Cr(II1) species. The voltam- 
mogram also shows two irreversible features a t  +0.42 and 
+0.97 V. Conversely, the cyclic voltammogram of complex 
7 only shows an electrochemically irreversible reduction 
a t  -1.90 with a return peak wave a t  -1.20 V. Although 
these data are not conclusive for the assignment of the 
metal oxidation state, they clearly indicate that complexes 
7 and 10 are chemically different species in spite of the 
remarkably similar ligand environments. 

A further indication of the different natures of the two 
complexes is offered by EPR spectroscopy. While the 
intensely blue-green toluene solutions of the two complexes 
are EPR silent, probably due to signal saturation, the solid 
state spectra are totally different. Complex 7 shows the 
same intense and nonresolved band commonly observed 
for Cr(I1) complexes, while 10 displays a complicated 

(20) (a) Thomas, B. J.; Noh, S. K.; Schulte, G. K.; Sendlinger, S. C.; 
Theopold, K. H. J. Am. Chem. SOC. 1991,113,893. (b) Theopold, K. H. 
Acc. Chem. Res. 1990,23, 263. 

V E / V  
I I 1 

-1.50 - 2  50 - 3.50 
Figure 8. Cyclic voltammogram of 10 in THF at room 
temperature (supporting electrolyte BhNBF4 0.2 M, scan 
rate 200 mV/s, potential relative to CpzFe). 

Scheme 3 

spectrum reminiscent of those observed for the Cr(II1) 
Cp’CrMeC1 derivatives.21 

The values of the magnetic moments of 7 and 10 [ p e ~  
= 4.68 p~ and peff = 3.96 pB respectively] are consistent 
with d4 and d3 electronic configurations and support the 
proposed assignment of the oxidation states. Since 
chemical degradation experiments do not provide evidence 
that complex 10 might be a terminal hydride, we tentatively 
propose a Cr(II1) carbene formulation (TMEDA)Cr- 

The similarity of the Cr-C distances formed by the 
benzyl and benzylidene groups in complex 10 suggests 
that the two groups might interconvert via simple hydrogen 
transfer (Scheme 3). Unfortunately, the crystal structure 
was not of sufficient quality to conclusively substantiate 
the positions of all the hydrogen atoms as determined 
from the difference Fourier maps. However, one peak, 
which was successfully refined as hydrogen, was located 
in the region intermediate between the benzylic carbon 
and chromium [Crl-H26 = 1.31 A, C6-H26 = 1.14Al and 
was rather close to the other aliphatic carbon of the 
benzylidene group [C13-H26 = 2.10 A]. 

There is an interesting parallel between the chemical 
behavior and structural features of Cr(I1) alkylchro- 
mateswJ2 and that observed in the chemistry of anionic 
Cr(I1) alkoxides (Scheme 4).lB9nv23 thus reinforcing the idea 
that the Lewis acidity of the alkali-metal cation is indeed 
a crucial factor for assembling the di- and polymetallic 
frames of these species.l2*22 However, while in the case of 
the dinuclear alkoxides it is rather straightforward to 
imagine how Cr-(OR)-M-(OR)-Cr bridges may hold 
together dimetallic structures of (RO)&rz[M(L)14 [R = 
Ph, i-Pr; M = Na; L = THF, ~yr id ine1~~3~3  in the absence 

(=CHPh) (CH2Ph). 

(21) Barrera, J. A,; Wilcox, D. E. Inorg. Chem. 1992,31, 1745. 
(22) Edema, J. J. H.; Gambarotta, S.; van Bolhuis, F.; Spek, A. L. J. 
(23) Edema, J. J. H.; Gambarotta, S.; Meetama, A.; van Bolhuis, F.; 

Am. Chem. Soc. 1989,111, 2142. 

Spek, A. L.; Smeeta, W. J. J. Inorg. Chem. 1990.29, 2147. 
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Chart 1 

CrCI,(THF), 4XM X = Me, Bz. OR 
M = Li. Na 

112TMEDA x x  

of direct Cr-Cr bonds, it turns out to be more difficult to 
understand how extremely short Cr-Cr contacts might be 
enforced by Cr-Me-Li-Me-Cr bridges, such as in the case 
of complexes 1, if no Cr-Cr bond is present in the complex.12 
The crystal structure of the monomeric MeaCrLiz- 
(TMEDA)z has indicated that Li-H-CHz-Cr interactions 
are folding CrLiMez cores and are responsible for the 
occurrence of rather short Cr-Li nonbonding distances 
(2.5 A). I t  is thus possible that a similar Li-CH3 agostic 
interaction may be responsible also for holding together 
the dinuclear structures of R&rzLi4 (1). In other words, 
the dissociation of TMEDA from Me&rLiz(TMEDA)z 
during the formation of Me&rzLir(THF)4 is making 
available an empty coordination site on the lithium atom 
which is then available to form another agostic interaction, 
thus assembling the dimer. The very short Cr-Cr contact 
may be nothing more than the optimization of C-H-Li 
bond distances and angles (Chart 1). Unfortunately, the 
crystal structure reported by Krausse more than 20 years 
agoll was not sufficiently accurate to allow the location 
and refinement of the hydrogen atom positions. Therefore, 
in order to clarify the important issue of the Cr-Cr bonding 
in MeaCrzLi4, we felt that it was worthwhile to attempt to 
improve upon this feature. A correct assignment of the 
space group combined with the employment of low 
temperature data collection gave better agreement factors 
and allowed us to locate and successfully refine the 
hydrogen atom position.24 The crystal structure which 
has confirmed the overall chemical connectivity as de- 
scribed by Krausse (Figure 7),  has also shown that indeed 
the same Li-H agostic-like interactions present in the 
monomeric Me&rLiz(TMEDA)n are present in la. The 
Li-H distances [Li-H4 = 2.03 A, Li-H6 = 2.05 A] and, 
even more strikingly, the Li-H-C angles [Li-H2-C2 = 
85.12'1 are very comparable to those of MerCrLiz- 
(TMEDA), thus confirming that the very short Cr-Cr 

(24) Crystal Data for la: C2 HMCr2Li401, M = 540.46, tetragonal, I& 
a = 11.476(3) A, c = 11.856(4) 1, V = 1562.5(8) A3, Z = 2, T = -160 'C, 
Mo Ka, R = 0.030, R, = 0.039 for 559 reflections out of 621 unique. 
Non-hydrogenatoms were refined anisotropically. Hydrogen atoms were 
located and refined isotropically. For more details see the supplementary 
material. 

contact of MeaCrzLi4(THF)4 [Cr-Cr = 1.968(2) A] is just 
the result of favorable geometrical features. This idea is 
further corroborated by the fact that the same Li-mH agostic 
interactions are also present in the neopentyl derivative 
4 and, as in the case of 2, they are capable of folding CrLiR2 
cores. The fact that these interactions have been deter- 
mined so far in three different Cr(I1) alkyls suggests that 
they are significant and that they may be characteristic 
of the chemistry of Cr(I1) alkyls. In line with these 
observations, the aromatic analogues PkCrLizL, [Ph = 
phenyl (n = 2, mesityl (n=l); L = THF, pyridine]% are 
monomeric and isostructural with 2. The failure of these 
species to dimerize can likely be ascribed both to the 
absence of a-hydrogen atoms and the consequent inability 
to form agostic interactions with the alkali-metal cation 
and to the interaction of the alkali-metal cation with the 
7r orbitals of the aromatic rings which probably quenches 
the Lewis acidity of the alkali-metal cation. 

In conclusion, the synthesis, characterization, and 
stability properties of a novel series of Cr(I1) alkylchro- 
mates have been described. While the structures were 
strongly dependent on the reagent stoichiometric ratio 
used during the preparation, the employment of a chelating 
diamine as ancillary ligand gave a surprising series of 
transformations, enabling the preparation and charac- 
terization of highly reactive functionalities such as alkyl- 
idene and chromacyclobutane. Since these findings may 
open new perspectives in the reactivity of divalent 
chromium, we are currently exploring the chemical 
reactivity of these species. 
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structural diagrams of la, 5, and 6 (175 pages). Ordering 
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